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 Causes and consequences of woody encroachment into grass dominated systems have 
been widely studied, however functional mechanisms which promote encroachment are largely 
unknown.  Many expansive woody species are shrubs with rhizobial or actinorhizal N-fixing 
symbiotic associations.  Morella cerifera L. (Myricaceae) is an actinorhizal N-fixing shrub 
which rapidly expands into grasslands on the barrier islands off the coast of Virginia, USA.  The 
objective of this research was to determine physiological drivers of woody encroachment 
resulting in increased woody cover of M. cerifera on Southeastern, US barrier islands.  
Variations in physiology and resource use efficiencies (RUE) of M. cerifera and co-occurring 
shrubs were determined, and edaphic characteristics beneath shrub thicket canopies and in open 
areas were quantified as indications of resource availability.  Analysis of dune vegetation and 
soils showed severe freshwater limitation and reduced plant height of dune forbs 
  
suggesting dunes represent an upper elevational boundary for M. cerifera distribution.  Soil N 
availability was higher beneath shrubs compared to open areas, and both physiology and isotope 
effects showed facilitation of the non-fixing shrub, Baccharis halimifolia, by M. cerifera which 
may lead to increased rates of woody encroachment as B. halimifolia colonizes expanding thicket 
edges.  Morella cerifera and other N-fixers had higher %refixation within stems which resulted 
in higher carbon use efficiency (CUE) and water use efficiency of N-fixing shrubs compared to 
non-fixers.  Results of an N-fertilization experiment suggest B. halimifolia has higher 
dependence on and demand for soil nutrients compared to M. cerifera. Morella cerifera showed 
no signs of resource deficiency or reduced physiological capacity even at 0 ppm total Nsoil.  
Morella cerifera transitioned from utilizing solely fixation derived N to soil N as N 
concentrations increased providing another mechanism leading to increased CUE and, indirectly, 
overall RUE.  In summary greater RUE, lower resource demand, and greater resource 
availability for M. cerifera compared to co-occurring shrubs may result from symbiotic root 
associations with bacteria and fungi.  While expansion of M. cerifera thickets is limited to lower 
elevational interdunal depressions, expansion may continue and result in increased rates of 
woody encroachment through facilitation of co-occurring shrubs. 
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CHAPTER 1 
 
 
 
WOODY ENCROACHMENT DYNAMICS OF A SYMBIOTIC N-FIXING 
SHRUB: MORELLA CERIFERA 
 
 
 
Jaclyn K. Vick
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Introduction 
 The encroachment of woody species into grass dominated systems is occurring at 
regional and global scales due to both local and climatic factors.  Grasslands are being converted 
to savannas and savannas are being converted to shrublands or forests.  Woody encroachment 
may threaten unique systems such as tall grass prairies which are experiencing range reduction 
due to shrub expansion (Briggs et al. 2005).  More xeric systems such as semiarid grasslands of 
the southwestern, USA are observing changes in both composition and structure as a result of 
woody encroachment (van Auken 2000).  In the savannas of Texas, USA, woody cover 
experienced a net 30% relative increase from 1937 to 1999 (Asner et al. 2003).   
 Increased woody cover within grasslands may be a result of regional shifts in fire 
frequency and/or grazing pressures.  According to McCarron et al. (2003), a decrease in fire 
frequency has caused an increase in woody species abundance in central USA grasslands.  The 
opposite pattern holds true for African savannas where a fire-return interval of less than 10.5 
years results in higher woody cover (Sankaran et al. 2005).  Changes in grazing pressures have 
varying effects on woody cover based on whether or not the woody species are palatable.  Within 
grasslands of a volcanic mountain range of the French Massif Central, reduced grazing resulted 
in increased abundance of the shrub, Cytissus scoparius (Prévosto et al. 2006).  Alternatively, 
increased grazing has lead to more woody cover within semiarid grasslands of the southwestern, 
USA (van Auken 2000). 
In addition to regional anthropogenic causes such as fire suppression and land use 
changes, shifts in woody cover abundance may be a result of climatic factors both local and 
global.  A continental scale study of African savannas by Sankaran et al. (2005) showed that 
woody cover was low in areas with less than 350 mm mean annual precipitation (MAP) and 
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increased up to maximum woody cover at approximately 650 mm MAP.  They concluded that 
woody encroachment may occur in areas where precipitation patterns shift such that water 
availability is increased.  Evidence suggests that the pan-Arctic is experiencing shrub expansion 
and small scale causes like disturbance and succession are insufficient to explain this large scale 
change.  For this reason, climate warming is considered the primary factor contributing to the 
documented pan-Arctic expansion of all major shrub species (Tape et al. 2006).  Thus, woody 
encroachment occurs across a range of biomes, latitudes, and elevations.   
Consequences of woody encroachment into grasslands include changes in edaphic 
characteristics and community structure and function.  A continental scale study of shrub 
expansion into USA grasslands showed that while annual net primary production (ANPP) was 
reduced in shrublands compared to adjacent grasslands in xeric sites, there was a trend of 
increasing ANPP in shrublands relative to grasslands with increasing MAP (Knapp et al. 2008).  
Hughes et al. (2006) showed that ANPP-C increased from 2.2 Mg ha-1 yr-1 to 2.5 Mg ha-1 yr-1 
when grasslands were converted to Prosopis glandulosa shrublands.  Conversion of grasslands 
has resulted in increased soil organic N (Knapp et al. 2008, Kurten et al. 2008, Prévosto et al. 
2006), soil organic C (Knapp et al. 2008, Throop and Archer 2008), leaf %N (Knapp et al. 2008), 
and net N mineralization rates (Kurten et al. 2008).  Cytisus scoparius encroachment lead to 
higher soil moisture and reduced light levels within the shrub canopy relative to adjacent 
grasslands within the French Massif Central (Prévosto et al. 2006).  Woody encroachment also 
leads to reduction in species diversity and richness.  Hippophaë rhamnoides cover of 50% or 
greater resulted in dramatic decreases in species richness on dunes of the East Frisian islands 
(Isermann et al. 2007).  Prévosto et al. (2006) concluded that both species number and cover 
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were reduced following Cytisus scoparius encroachment due to a reduction in light demanding 
species. 
While native woody encroachment is occurring globally, the list of dominant expanding 
taxa is relatively small.  According to van Auken (2000), Prosopis shrubs dominate > 38 million 
ha of the semiarid southwestern USA grasslands and Larrea tridentata dominates > 19 million 
ha.  In the Arctic, dominant encroaching species include Betula spp., Salix spp., Ledum spp., and 
Alnus crispa (Sturm et al. 2001, Tape et al. 2006).  Cornus drummondii is the dominant tall grass 
prairie shrub and Morella cerifera (commonly known as Myrica cerifera) is the dominant shrub 
on barrier islands of southeastern USA (Knapp et al. 2008).  It is noteworthy that in the Arctic 
there are many shrubs that are expanding, however in most systems there is one dominant woody 
species that is expanding into grasslands.  In the Arctic evidence for climate warming induced 
woody encroachment is abundant.  In most other systems mentioned there are obvious links 
between woody encroachment and changes in fire frequency and/or land use.  On the barrier 
islands of southeastern USA, woody cover increased by 50% over a 32 year period (Young et al. 
2007), yet many of the islands do not have the land use history seen in the southeastern USA 
grasslands nor do they have significant increases in mean annual temperature as seen in the 
Arctic.  Island accretion and an increase in upland area have been noted as potential drivers of 
woody expansion on Hog Island, VA, USA (Young et al. 2007), however this does not explain 
why M. cerifera is the only woody species that is expanding as opposed to all major woody 
species as is occurring in the Arctic.  In addition, the underlying physiological mechanisms of 
woody encroachment both on Hog Island and elsewhere are not well understood.  Several of 
these mechanisms were the focus of my dissertation research.      
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Background 
Many shrubs that are expanding are either evergreen or nitrogen fixers (Knapp et al. 
2008).  Morella cerifera is both evergreen and actinorhizal, having a nitrogen fixing association 
with the bacterium, Frankia (Young et al. 1992).  Young et al. (1995) showed that M. cerifera 
thickets on Hog Island, Virginia (USA) increased in range by more than 400 % over the course 
of 40 years prior to 1990, and these thickets continue to expand.  Morella cerifera shrub thickets 
increased by 50% across the entire Virginia barrier island system between 1973 and 2005 
(Young et al. 2007).   
Island accretion and, thus, the development of more swale habitat and a larger freshwater 
lens, has lead to expansion of M. cerifera on Hog Island (Young et al. 2007).  In addition, a 
nitrogen fixing association with Frankia, photosynthetic branches (Vick and Young 2009), and 
high leaf area index (LAI) (Brantley and Young 2007) may all contribute to the successful 
establishment of nearly monospecific Morella shrub thickets on the Virginia barrier islands.  
However, M. cerifera is not the only shrub on the islands.  Baccharis halimifolia and Iva 
frutescens are also common to the Virginia barrier islands yet neither shrub species is 
experiencing the rapid expansion seen with M. cerifera. 
Baccharis halimifolia and I. frutescens are both deciduous and neither is a nitrogen fixer.  
Compared to M. cerifera, B. halimifolia and I. frutescens are shorter and have a smaller root 
depth and crown diameter (Young et al. 1994).  The distribution of M. cerifera, B. halimifolia, 
and I. frutescens may be limited by flooding (Tolliver et al. 1997), and groundwater salinity and 
soil chlorides (Young et al. 1994).  Of the three shrub species, B. halimifolia is the most sensitive 
to short-term freshwater flooding (Tolliver et al. 1997) which may explain why B. halimifolia is 
absent from dune swale habitats, I. frutescens is the least sensitive to short-term saltwater 
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flooding (Tolliver et al. 1997) and occurs in high soil chloride areas (> 500 µg/g Cl) (Young et 
al. 1994), and M. cerifera is the most sensitive to elevated groundwater salinity and soil chlorides 
(Young et al. 1994) limiting its distribution to more inland sights which are protected from tidal 
inputs and sea spray.  While this may partially explain the lower distributional boundaries for 
these species, controls for the upper boundaries are unknown.  According to Bertness et al. 
(1992), lower boundaries of plant communities in tidal zones are determined by the physical 
environment whereas the upper boundaries are controlled by interspecific competition.  This 
suggests that M. cerifera has a competitive advantage over I. frutescens and B. halimifolia 
resulting in the dominance of M. cerifera in upland areas.  While flooding and salinity have been 
examined for these three species, drought tolerance has not been studied.  Dunes create a 
possible harsh physical upper boundary which may limit species distribution based not on 
competition but rather on edaphic factors such as low soil moisture, high irradiance, and 
increased depth to the water table.   
All three shrub species are limited to elevations that lie somewhere above high marsh yet 
below sand dunes because they do not occur on dunes where distance to the freshwater lens is 
greatest.  This leaves a narrow elevational range which can be occupied by these three species.  
On the bay side of Hog Island, three adjacent discrete bands of vegetation include I. frutescens 
closest to high marsh, M. cerifera most upland, and B. halimifolia in between.  On the ocean 
side, B. halimifolia and M. cerifera are most common with M. cerifera dominating the interdunal 
swales and B. halimifolia occupying the slightly higher elevation surrounding M. cerifera thicket 
edges.  Shrub thickets more to the interior of the island are almost entirely M. cerifera. 
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The sandy soils of the barrier islands are very resource limited with respect to both water and 
nutrients.  Morella cerifera shrub thickets may alleviate water and nutrient limitation within 
swales by increasing both soil organic matter content (Tolliver et al. 1995) and soil nitrogen 
(Young et al. 1995).  The high LAI and low light environment within M. cerifera thickets may 
act to maintain monospecificity within these shrub thickets (Brantley and Young 2007), but 
species such as B. halimifolia and I. frutescens may benefit from colonizing the edge of M. 
cerifera thickets.  Kurten et al. (2008) found that plants adjacent to M. cerifera on the island of 
Hawaii had increased foliar nitrogen as compared to individuals of the same species more distant 
from M. cerifera thickets.  I propose that the nitrogen-fixing association M. cerifera has with 
Frankia provides M. cerifera with a competitive advantage over other shrub species on the 
islands.  I hypothesize that once M. cerifera forms root nodules it is able to grow rapidly and 
become dominant over other species colonizing the same area because of the nitrogen source that 
Frankia provides to M. cerifera which is initially unavailable to other species.  Over time, soil 
nitrogen builds up within M. cerifera thickets (Young et al. 1995) and may become available to 
other species inhabiting thicket edges.  Once soil nitrogen is available to edge species such as B. 
halimifolia, these species may then expand in range as suitable edge habitat is created.     
My objectives were as follows: 
1. Determine resource use efficiency of dune vegetation and variations in edaphic 
factors on coastal dunes to establish potential upper range limitations for shrub 
thickets. 
2. Determine whether corticular photosynthesis is higher in woody species (M. cerifera, 
Morella pensylvanica, and Elaeagnus umbellata) with an associated nitrogen fixing 
bacterium (Frankia) as compared to woody species (Prunus serotina, Diospyros 
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virginiana and Quercus virginiana) without an associated nitrogen fixing bacterium 
as one possible explanation for rapid growth of expanding thickets. 
3. Assess physiological and biochemical differences between B. halimifolia shrubs 
growing at the edge of M. cerifera thickets and isolated B. halimifolia shrubs to 
illustrate whether close proximity to M. cerifera facilitates B. halimifolia. 
4. Compare M. cerifera and B. halimifolia seedlings at different soil N concentrations 
to determine variations in resource requirements and physiological responses to 
increasing availability of soil N.  
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ABSTRACT 
 Our objective was to characterize a barrier island dune chronosequence to determine 
relationships between spatial distribution and specific physiological strategies for forb survival in 
a high stress environment.  Specifically we hypothesized that forbs on dune crests where water is 
less available would exhibit higher water use efficiency (WUE) with higher δ13C compared with 
the front and back of each dune, that forbs on the primary dune where soil N is lowest would 
exhibit higher N use efficiency (NUE) with lower C:N compared to forbs on secondary and 
tertiary dunes, and that the taprooted annual, Conyza, would have lower WUE and NUE 
compared to two shallow rooted biennials.  For each species we determined leaf C:N, %N, δ13C, 
relative water content, and total chlorides.  Environmental characteristics quantified on each 
dune included depth to water table and soil chlorides, organic matter, and pH.  No significant 
differences were found for δ13C across dune positions or C:N values across dune ages; therefore, 
these hypotheses were not supported.  Conyza had the lowest δ13C and C:N which supports our 
hypothesis that Conyza would have the lowest WUE and NUE and may have more access to 
resources compared to Cirsium and Rumex.  Cirsium had the highest δ13C (-27.1 ± 0.1 ‰) 
indicating greater WUE.  Cirsium also had the largest range of C:N values suggesting a more 
plastic NUE.  Higher WUE and NUE may partially explain why Cirsium was the only species 
found at every site.   
Additional Index words:  barrier islands, nitrogen use efficiency, stable isotopes, succession, 
water use efficiency 
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INTRODUCTION 
 Coastal dune plants are subjected to numerous stressors including both pulses (i. e. 
overwash events, sea spray, burial by sand) and presses (i. e. high irradiance, water and nutrient 
limitation, and high soil salinity).  The many abiotic and biotic limitations, coupled with 
physiological and structural characteristics, interact to affect species distribution patterns across 
dunes on coastal landscapes.  High microenvironmental variability can prevent germination and 
establishment.  Drought, nutrient imbalances, sand abrasion, herbivory, anthropogenic 
disturbance, and root exposure due to erosion are just a few of the disturbances that are common 
on dunes (Maun, 1994).  Storm overwash events, biogeomorphic recovery, and habitat 
heterogeneity can affect species diversity in coastal dune systems (Stallins, 2002).  Oosting and 
Billings (1942) found that wind-borne salt was the primary factor determining zonal distribution 
of dune species.  Similarly, Rozema et al. (1985) demonstrated that seawater droplets from 
surfbreak determined distribution and composition of dune vegetation because of high nutrient 
content in seawater.  The environment on higher elevation coastal dunes may severely limit 
species richness mostly to grasses which are more tolerant of high winds and sea spray (Kim and 
Yu, 2009).  van der Valk (1974) concluded that sand movement was most important for forb 
establishment on foredunes with seaspray being only a secondary factor.  In addition, multiple 
interacting factors such as nutrient limitation and sand burial may affect growth of dune plants 
(Gilbert, Pammenter, and Ripley, 2008).   
 The majority of dune studies focused almost entirely on foredunes which are most 
exposed to disturbances such as high winds (causing sand movement and thus sand abrasion, 
erosion, and accretion) and sea spray (which has high nutrients but can lead to salinity stress).  In 
comparison, interior dunes are more protected from both wind and sea spray yet are not often 
16 
 
studied.  Exchangeable cation concentrations and soil pH decrease as distance from shoreline 
increases (Kim and Yu, 2009; Lichter, 1998).  Older, more inland dunes have higher soil 
moisture, organic matter, N and P with increased soil age (Lichter, 1998; Maun, 2009).  Interior 
dune community composition may be determined less by abiotic factors and disturbance and 
more by biotic factors such as competition for water, nutrients, and space (Maun, 2009).  Soils of 
the Lake Michigan dune chronosequence have been stable for up to 12,000 yrs (Olson, 1958) and 
community composition changes occur as a result of both succession and anthropogenic 
disturbances such as logging (Lichter, 1998).  Coastal dunes of barrier islands have substantially 
younger soils (often < 200 yrs) and have a high frequency of disturbance from coastal storms.  
Barrier islands migrate landward as a result of storm overwash events whereby sand from the 
ocean side is deposited on the bay side (Titus, 1990).  This process of island rollover maintains 
young soils.  The highly dynamic nature of barrier islands and the high disturbance regime may 
result in limited primary succession on barrier island dunes such that community composition is 
determined by microsite variability in resources and disturbance. 
For species tolerant of disturbance on barrier island dunes, resource limitations may 
shape community vegetation distributions.  Water and nitrogen may be the primary limiting 
resources for dune forbs.  Species which are more efficient at resource acquisition and use should 
dominate this resource limited system.  Quantifying water use efficiency (WUE) and nitrogen 
use efficiency (NUE) based on traditional methods can be difficult on dune forbs which often 
have small, fleshy, pubescent, and even spiny leaves.  WUE is typically defined as the ratio of 
moles of carbon in the plant: moles of water transpired (Hubick and Farquhar, 1989) and NUE, 
while debated, is defined as the amount of dry matter produced:nitrogen taken up for short lived 
plants (Chapin, 1980) or dry mass:nitrogen ratio in litterfall for longer lived species (Vitousek, 
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1982).  Regardless of the resource, efficiency typically increases when resource availability is 
reduced (Farquhar and Richards, 1984 for WUE; Vitousek, 1982 for NUE).  The use of isotope 
effects and nutrient concentrations in leaves can provide an alternative to obtain metrics of WUE 
and NUE for any species.   
Farquhar, O’Leary, and Berry (1982) developed theory linking δ13C values to internal 
CO2 concentrations in leaves (ci).  They went further to suggest that as stomatal conductance is 
reduced in response to environmental conditions such as water limitation or salinity (see also 
Farquhar et al., 1982), ci decreases and  δ13C increases (i. e. becomes more enriched in the 
heavier isotope).  Furthermore, Farquhar and Richards (1984) provided evidence supporting this 
theory in wheat genotypes whereby δ13C values increased with increasing WUE as plants were 
exposed to drought conditions indicating a link between water availability and WUE.         
While variations of NUE methods have been applied across many systems, C:N ratios are a basic 
measure of NUE as proposed by Chapin (1980), and easily can be quantified.  Kume et al. 
(2003) found that smaller NUE values were associated with higher C:N values and lower 
available N in unmanaged stands of Pinus densiflora.  This indicates that NUE is related to N 
availability. 
 Our study examined forb distribution not only on primary dunes but also dunes farther 
inland that are more protected from both sand movement and sea spray.  Our objectives were to 
1) relate forb distribution to edaphic characteristics for the front, crest, and back of dunes with 
increasing distance to the ocean, and 2) determine species specific and/or site specific 
physiological mechanisms for stress tolerance on dune forbs.  Specifically we hypothesized that 
forbs on dune crests where depth to water table is greatest would exhibit greater WUE, that forbs 
on the primary dune which has the youngest soils and lowest soil N would have higher NUE, and 
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that the only taprooted species, Conyza, would have lower WUE and NUE compared to the other 
two species which are clonal and more shallowly rooted.   
 
MATERIALS AND METHODS 
Site and species:  Our study was conducted on Hog Island, Virginia, USA (37o 40’ N, 75o 40’ 
W), 8 km from the Eastern Shore peninsula of Virginia, and ~750 ha, 10 km long and 2.5 km 
across at the widest point (Young et al., 2007).  Hog Island is one in a chain of more than fifteen 
barrier islands along the coast of Virginia, and it is within the Virginia Coast Reserve, a National 
Science Foundation Long Term Ecological Research (LTER) site.  The north end of Hog Island 
has been accreting for ~140 years (Shao, Shugart, and Hayden, 1996) resulting in a 
chronosequence of progressively older soils as one moves across the island from ocean to 
bayside.  Dune formation continues as new sand is deposited on the north end of the island.  
However, across the Virginia barrier island complex as a whole there has been a decrease in total 
upland area in the past thirty years providing evidence for sea-level rise induced change (Young 
et al., 2007).  Currently, there are five dune ridges parallel to the shoreline representing different 
dune ages and distances to the shore.  We focused on primary, secondary, and tertiary (1°, 2°, 
and 3°) dunes which are ~10 yrs, 43 yrs, and 55 yrs old, respectively (Day et al., 2004).  
Distance to the shore is 102 m from the 1° dune, 242 m from the 2° dune, and 573 m from the 3° 
dune.  Maximum elevations for dunes are 4.2 m, 5.0 m, and 3.3 m, respectively based on light 
detection and ranging (LiDAR) imagery collected September 2005 and available from the 
National Oceanic and Atmospheric Administration (NOAA) Topographic Change Mapping 
Project.  Tissue and soil samples were collected and analyzed during the summer of 2007, with 
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the exception of soil organic matter (SOM) and soil pH and measurements of aboveground 
height which were all collected and completed during the summer of 2009.  
 The dominant species on Hog Island dunes is the dune-building perennial grass, 
Ammophila breviligulata Fernald (Poaceae).  Forb species studied were the three most common 
to Hog Island dunes: Cirsium horridulum Michx. var. horridulum (Asteraceae), Conyza 
canadensis (L.) Cronquist (Asteraceae), and Rumex acetosella (L.) (Polygonaceae).  Cirsium is a 
clonal, wind dispersed biennial with fleshy and spiny leaves arranged in a basal rosette (Duncan 
and Duncan, 1987).  Conyza is a wind dispersed, taprooted annual with sparsely hairy leaves and 
stem (Buhler and Owen, 1997).  Rumex is a root sprouting, clonal, perennial with fleshy leaves in 
a basal rosette that is animal and gravity dispersed (Klimeš and Klimešová, 1999).  Rumex is 
dioecious but sex was not distinguished for this study.  Young non-flowering Rumex females 
tolerate water stress better than males in early successional areas whereas male-biased sex ratios 
are more prevalent as succession progresses and females allocate more energy to fruiting thereby 
reducing stress tolerance (Houssard, Escarre, and Vartanian, 1992).  All three species utilize C3 
photosynthesis and are common mesophytic weeds (Radford, Ahles, and Bell, 1983).  Rumex 
and Conyza have rooting depths of 5.2 ± 1.8 and 12.4 ± 3.8 cm, respectively.  Rooting depth of 
Cirsium could not be determined because of the extensive clonal network which would have 
required destruction of a large portion of the dune. 
 
Edaphic factors and distributions:  Data were collected from nine sites representing front, 
crest, and back of three dunes.  To quantify relative water availability, depth to water table (m) 
was determined at each site (n = 3) using a 2 m soil auger.  SOM was quantified for soil samples 
(n = 3) collected to a depth of 10 cm at each site and analyzed by loss on ignition (LOI) at 550°C 
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for 4 hrs (Boyle, 2004) in an Isotemp programmable muffle furnace (650 Series, Fisher 
Scientific, Iowa, USA).  Soil samples from each site (n = 5) were collected to a depth of 10 cm 
for soil chloride analysis to determine whether the potential for salinity stress exists.  Soil pH 
was determined for each dune (n = 9) with equal parts soil and de-ionized water using a pH tester 
(HI 98121, Hanna Instruments, Rhode Island, USA).     
 
Isotopic effects, nutrient concentrations, and tissue chlorides:  In order to determine 
interspecific differences in WUE and NUE in response to water and N limitations, leaf samples 
were collected from individuals (n = 5) of similar aboveground size for species present at each 
site for % N, C:N, δ13C, and δ15N.  Samples were ground in a Wiley mill (40 mesh) and analyzed 
on an elemental analyzer- isotope ratio mass spectrometer (EA-IRMS, Colorado Plateau Stable 
Isotope Laboratory).  Leaf samples were collected before 0700 hr from individuals of each 
species (n = 10) on the 2° dune for determination of relative water content (RWC).  Collected 
leaves were immediately weighed and returned to the laboratory to obtain fresh weight (FW).  
Leaves were submerged in water, kept cool at 4°C overnight, and weighed to obtain the saturated 
weight (SW).  Samples were placed in a drying oven at 70°C for 72 hrs and weighed to 
determine dry weight (DW).  RWC was calculated as RWC = (FW – DW)/(SW – DW).  Young, 
fully expanded leaves from species (n = 5) present at each site were collected and rinsed for 
tissue chloride analysis.  Chloride analyses follow the methods of Young, Erickson, and 
Semones (1994) and were measured with a digital ionalyzer and chloride electrode (Model 501, 
Orion Research Incorporated, Massachusetts, USA).   In addition, variation in aboveground 
height was determined for the three species (n = 100). 
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Statistical analyses:  Variations in water table depth, soil chlorides, and SOM across dunes (i.e. 
1°, 2°, and 3°) and dune position (i.e. front, crest, and back) were quantified with two-factor 
analyses of variance.  Differences in soil pH across dunes were determined using one-factor 
analyses of variance.  Two-factor analyses of variance quantified variations in dependent 
variables %N, C:N, δ13C, δ15N, RWC and tissue chlorides for the fixed factors dune and dune 
position for each species.  In addition, one-factor analyses of variance determined significant 
differences in the dependent variable C:N by species for each dune independently.  Similarly, 
one-factor ANOVA’s determined differences in the dependent variable δ13C by species for front, 
crest, and back of each dune individually.  Kolmogorov-Smirnov (KS) and Levene’s tests were 
used to evaluate normality and variance homogeneity, respectively.  Sample independence was 
maintained by using a different plant for each measurement.  For all tests and statistical analyses, 
α = 0.05 and post-hoc testing followed Tukey type where appropriate.  Statistical analyses were 
based on recommendations of Zar (1999) and were performed using SPSS 15.0 (SPSS Inc., 
Illinois, USA). 
RESULTS 
Edaphic factors and distributions:  Cirsium horridulum was present at all nine sites across the 
island, Conyza was only present on the 1° and 2° dunes, and Rumex was present on front and 
back of the 2° dune and also on the 3° dune (Figure 1).  Edaphic factors were quantified to 
elucidate potential abiotic drivers of forb distributions on dunes.  Depth to water table (WTD), 
soil chlorides, soil pH, and SOM were quantified across dunes and dune position in order to 
characterize belowground environmental conditions.  The 3° dune had the shortest distance 
between soil surface and water table (WTD of 1.24 ± 0.25 m, mean ± se) compared to 1° and 2° 
dunes (1.82 ± 0.26 m and 1.70 ± 0.25 m, respectively, Table 1, Figure 2).  As dunes age 
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subsidence occurs and sediment transport results in lower dunes which are closer to the water 
table.  As expected, the dune crest was farther from the water table as compared to front and 
back positions by ~ 0.4 m, potentially leading to water stress among species unable to access 
freshwater at such depths.  Soil chlorides were higher on the 1° dune which is closer to the ocean 
and subject to sea spray as compared to 2° and 3° dunes, which are more inland and did not 
differ (Table 1, Figure 2).  When compared across all sites, soil chloride levels on front of the 1° 
dune were significantly higher (p ≤ 0.001) than all other sites with three times the soil chloride 
levels of most of other sites (Figure 2) which may result in exclusion of species which are not 
salt tolerant.  There was a significant interaction of dune and position for soil chlorides (Table 1).  
Soil pH varied significantly (p ≤ 0.001) across all dunes becoming more acidic as dune age and 
distance from the ocean both increased (Figure 2). SOM was lower on the 1° dune as compared 
to the other two dunes although even the highest SOM content was still quite low (0.41 ± 0.18 % 
on the 3° dune) suggesting that organic matter contributes little to soil moisture on all dunes 
(Table 1).  
Isotopic effects, nutrient concentrations, and tissue chlorides:  Foliar δ13C, δ15N, %N, C:N, 
and tissue chlorides were quantified across all sites, and RWC was determined for each species.  
WUE represented by δ13C values differed significantly among all species with Cirsium having 
the highest value followed by Rumex and Conyza (Tables 2, 3).  Cirsium and Rumex had 
significantly higher δ15N compared to Conyza (Tables 2, 3).  δ15N values decreased with 
increasing dune age and distance to the ocean (Tables 2, 4).  Foliar %N differed significantly (p 
≤ 0.001) among all species with Conyza having the highest value followed by Rumex and finally 
Cirsium (Tables 2, 3).  Consequently, Conyza had a significantly lower C:N (p ≤ 0.001) 
representing lower NUE as compared to Cirsium and Rumex which did not differ (Tables 2, 3).  
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Cirsium had significantly higher tissue chlorides (p ≤ 0.001) with more than double the tissue 
chlorides of the other two species (Tables 2, 3).  Overall, plant samples from the 1° dune had 
significantly higher tissue chlorides as compared to the 2° dune (Tables 2, 4).  Cirsium had lower 
RWC compaired to Rumex suggesting higher water stress (Table 3).  We found no differences 
for any metric based on position (i.e. front, crest, back, Tables 2, 5).  δ13C and C:N raw data were 
plotted for each species in order to obtain a distribution of values (Figure 3).  Cirsium had the 
widest range of C:N values suggesting a more plastic NUE and the highest δ13C values indicating 
high WUE compared to the other species (Figure 3)  Conyza had lowest δ13C and C:N values 
with a small range for both metrics suggesting overall lower WUE and NUE (Figure 3).  Rumex 
appeared to be an intermediary between Cirsium and Conyza for both δ13C and C:N range 
(Figure 3).  Conyza had the widest range of aboveground height (cm) and also the highest values 
(Figure 4).  Rumex had a small range of values that were mostly at or less than 1 cm, and Cirsium 
had moderate heights and range compared to the other two species (Figure 4).  
 
DISCUSSION 
 We compared forbs on coastal dunes of increasing distance to the shoreline to relate forb 
physiological strategies, morphology, and life history characteristics to spatial changes in 
edaphic characteristics.  δ13C values were used to compare WUE across species and sites.  Less 
efficient plants keep stomata open for longer periods of time thereby chemically binding in a 
larger amount of the heavier isotope leading to lower δ13C values (O’Leary, 1988).  Drought 
increases δ13C values demonstrating an increase in WUE under water limited conditions (see 
Robinson et al., 2000).  Water may be limiting on dunes.  Foredune soils generally have a water 
holding capacity of just 1-2 % (Ehrenfeld, 1990), and Brantley and Young (2010) measured very 
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low gravimetric water contents ranging from 1- 3% on the 1° and 3° dunes of Hog Island.  In 
addition, organic matter adds little moisture to dune soils considering SOM was less than 0.5 % 
across sites.   
 We hypothesized that forbs on dune crests would have higher WUE as determined by 
δ13C.  Dune crests are farther from the Ghyben-Herzberg freshwater lens which is the primary 
source of freshwater for vegetation on barrier islands (Ehrenfeld, 1990).  The freshwater lens is 
maintained by precipitation exceeding evapotranspiration and extends ~40 m below sea level for 
every 1m of water table above sea level (Art et al., 1974).  On dunes, WTD is closer to the soil 
surface on the front and back of the dune and farther from the soil surface on the dune crest 
making it potentially more difficult to access freshwater.  Under water limited conditions, 
stomatal conductance is often reduced in order to avoid water loss.  In adjusting stomatal 
aperture, the ratio of internal gaseous form CO2 to external CO2 is maintained at a constant level 
resulting in higher δ13C values and increased WUE (O’Leary, 1988).  Our δ13C results did not 
support our hypothesis that forbs on dune crests would exhibit higher WUE (i.e. higher δ13C 
values) compared to forbs on front and back of dunes.  Cirsium had the highest WUE followed 
by Rumex and then Conyza which supports our hypothesis that Conyza would have the lowest 
WUE.  While many factors may contribute to these species specific results, the taprooted Conyza 
may have better access to freshwater and not require efficient use of water.  Cirsium had the 
lowest RWC which is evidence for water stress and may explain why Cirsium had the highest 
WUE.  
 According to Vitousek and Howarth (1991), in water limited systems, N typically is the 
limiting resource once water becomes more available.  In order to determine whether N is 
limiting, we must first add N to the system and quantify whether this addition leads to increased 
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growth, NPP, etc. (Vitousek and Howarth, 1991).  A dune N fertilization experiment across Hog 
Island by Day (1996) showed that total biomass increased dramatically in all treatment plots 
whereas no differences in total biomass were found in control plots thereby concluding that N is 
limiting.  Brantley and Young (2010) determined that soil total N was very low on Hog Island 
dunes ranging from 10.9 to 13.1 g N m-2 on 1° and 3° dunes, respectively.  We hypothesized that 
NUE would be higher in primary dunes where N is less available.  The species studied are 
rapidly growing herbaceous annuals and biennials which do not produce leaf litter therefore 
definitions on NUE which include nutrient concentrations in litterfall are not applicable (see 
Vitousek, 1982).  We used foliar C:N to determine NUE with higher C:N representing higher 
NUE (Chapin, 1980).  While whole plant C:N was preferable, this was not practical considering 
the clonal growth form of both Cirsium and Rumex.  We found no significant differences in C:N 
across sites therefore our hypothesis was not supported.  Conyza had the lowest C:N of the three 
species which suggests a lower NUE thereby supporting our hypothesis and perhaps signifying a 
luxury consumption strategy whereby an individual takes up more nutrient than is required when 
nutrients suddenly become available at infertile sites (Chapin, 1980).   
 Primary inputs of N to barrier islands include aerosols, precipitation, and N fixation by 
rhizobial or actinorhizal symbionts and free-living microbes (Ehrenfeld, 1990).  While 
Strophostyles spp. colonize the beach (Erickson and Young, 1995) and Morella cerifera. 
colonizes interdunal swales (Young et al., 2007), there are no N-fixers on the dunes to provide a 
source of N ; thus N inputs are primarily from wet and dry deposition.  The three dunes used for 
our study represent a chronosequence across the island with the 3° dune having the oldest, yet 
still comparatively young soils of 55 yrs relative to other dune systems studied.  For our study 
species, tissue δ15N decreased with increasing distance to the shore as expected for aging soils in 
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a N limited environment and in the absence of nitrogen fixing species (Falkengren-Grerup et al., 
2004).  In addition, Day (1996) measured increasing soil NO3 levels with increasing dune age in 
the absence of changes in available NH4 which may lead to lower δ15N values (Falkengren-
Grerup et al., 2004).  Overall, Conyza had the most negative δ15N values of the three species.  
Negative δ15N values may represent uptake of primarily precipitation N which is more depleted 
in the heavier isotope (Vitousek, Shearer, and Kohl, 1989).  Low δ15N values may also be a 
result of preferential uptake of NO3 as compared to NH4 (Falkengren-Grerup et al., 2004).  While 
it is often assumed that δ15N values represent source N, many variables may influence isotopic 
values including more than one N source, symbiotic mycorrhizal and bacterial associations, 
variations in N uptake and assimilation mechanisms, and internal N recycling (Dawson et al., 
2002; Evans, 2001).        
 Barrier island forb community composition changes with distance to the shoreline. More 
inland sites experience less sand movement (i. e. burial, abrasion, erosion, and root exposure) 
and sea spray, and are more protected from strong storms (Ehrenfeld, 1990).  These variations in 
abiotic stress with increasing distance may contribute to differences in community composition.  
We can expect then that forbs on the oceanside of the island are more influenced by high soil 
chlorides, high winds, and sand movement whereas forb communities farther inland may 
experience increased biotic stress in the form of competition as physical stress is reduced.   
Conyza occurred at all locations on the 1° dune suggesting that it is tolerant to both sea spray and 
burial by sand.  Rozema et al. (1985) concluded that 1° dune species are more salt tolerant than 
more inland species.  Soil chlorides were highest on the 1° dune, and front of the 1° dune had 
higher soil chlorides than all other dune positions and dune locations.  Nandula et al. (2006) 
showed with laboratory experiments that Conyza germination proceeds at high soil salinities.  
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Conyza plants were tallest of the three species we studied but, although aboveground height is 
not an indicator of burial tolerance (Gilbert and Ripley, 2010), taller plants are less likely to be 
buried in sand during high wind events.  Conyza was not present on the 3° dune.  While 
competition most likely contributed to the absence of Conyza from the most inland site, dispersal 
may also play a role because Conyza was not evident in a seedbank study from a site adjacent to 
the 3° dune (Crawford and Young, 1998).  In a study of South Carolina dunes, Conyza was 
found on 1° and 2° dunes in four coastal counties (Stalter, 1974) which is consistent with our 
findings on Conyza distribution.  Conyza may require higher levels of micronutrients which are 
supplied by sea spray and may be more limiting on older dunes which are farther inland. 
 Rumex was limited to 2° and 3° dunes.  While soil chlorides were significantly higher on 
front and top of the 1° dune compared to all other sites, back of the 1° dune did not vary 
significantly with respect to soil chlorides compared to back of the 2° dune where Rumex was 
present.  Soil chlorides alone are not sufficient to explain absence of Rumex from the 1° dune.  
Rumex had the smallest mean aboveground height with very few individuals exceeding 1 cm.  
The small basal rosette growth form of Rumex may prevent establishment on the 1° dune where 
sand abrasion and burial are likely to be more pronounced.  Dilustro and Day (1997) found 
populations of Rumex on all dunes, however aboveground primary production was highest on the 
oldest dune.  Crawford and Young (1998) found populations of Rumex within gaps of shrub 
thickets only at the oldest site on the bayside of Hog Island. 
 Cirsium was present at all positions on all three dunes.  Klinkhamer and De Jong (1988) 
showed that Cirsium vulgare seedling survival on sand dunes in Meijendel, The Netherlands was 
improved by herb and grass cover as is typical of the dune community on Hog Island.  Cirsium 
had substantially higher tissue chlorides compared to Rumex and Conyza suggesting that Cirsium 
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is at the very least salt tolerant and may even be salt succulent.  Cirsium had the widest range of 
C:N values and the highest δ13C values implying a more plastic NUE and higher WUE, 
respectively.  Cirsium distribution across all dunes studied may be explained by salt tolerance, 
improved NUE and WUE, and also potentially by allelopathy.  Barley plants exposed to volatiles 
and root exudates from Cirsium arvense and Cirsium vulgare were less attractive to the aphid 
Rhopalosiphum padi indicating that effects of allelopathy may have impacts that reach higher 
trophic levels (Glinwood et al., 2004).  This could result in reduced pollination of competitors.  
The scatterplot of δ13C and C:N values resulted in species specific clusters perhaps revealing 
differences in tolerance to resource availability.  Cirsium had the widest ranges for both δ13C and 
C:N followed by Rumex and Conyza which had decreasing ranges for both metrics.  Based on 
these results, Cirsium appears to be more of a generalist compared to Rumex and Conyza. 
 Cirsium and Rumex have a clonal growth form leading to potential for physiological 
integration which can alleviate stress from resource limitations on dune soils.  Presence of 
Rumex and Cirsium on the 3° dune may indicate increased competitive ability compared to 
Conyza.  Distance to water table was lower on the 3° dune reducing water limitation to plant 
communities and presumably less water stress.  While SOM was significantly higher on the 3° 
dune compared to the 1° dune, SOM was still < 0.5% indicating that it does not contribute 
substantially to soil moisture or nutrients.  In general, dune soils have very limited seed banks 
such that clonal growth form may be beneficial since survival probability of ramets is much 
higher than that of seeds (Fahrig, Hayden, and Dolan, 1993).  Seeds of Cirsium spp. in particular 
are highly susceptible to predation with upwards of 60% of seeds lost to predation in the first 
three weeks following dispersal on coastal sand dunes in Meijendel, The Netherlands 
(Klinkhamer, De Jong, and Van Der Meijden, 1988), placing more dependence on clonal 
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reproduction.  Rumex is a root-sprouting plant that relies on dormancy of root buds until 
resources become available at which point many new daughter ramets are rapidly produced 
(Klimeš and Klimešová, 1999).  This increases the probablility that daughter ramets will be 
produced in nutrient rich patches to support growth and reproduction which is advantageous on 
nutrient limited coastal dunes.  
 Although grasses represent the dominant growth form or strategy for coastal dune plants, 
forbs provide alternative and successful strategies for survival in this relatively harsh 
environment.  The three species we examined varied in WUE which was most likely related to 
succulence, rooting depth and, perhaps, stomatal control and salinity tolerance.  Differences in 
life history (e.g. annual, biennial and perennial) also may have contributed to variations in 
observed distribution patterns on specific dunes and among the dunes.   
 
CONCLUSIONS 
 While we found differences in environmental parameters across dunes and dune 
positions, our results indicate that these differences combined with biotic interactions lead to 
small changes in species composition with increasing dune age and distance from the ocean.  
Evidence from Lichter (1998) may indicate that changes in soil characteristics and communities 
may require more time to develop than the dynamic environment of barrier island dune systems 
allows.  While the majority of vegetation on dunes have a clonal growth form including grasses, 
Cirsium, and Rumex, our results reveal that taprooted species may be successful on coastal 
dunes.  Conyza had the lowest WUE and NUE yet it was widely distributed across the 1° and 2° 
dunes.  With increasing distance to the ocean, physical stresses are alleviated yet competition 
may increase.  Foliar C:N ratios and %N were lowest on the 3° dune and may point to increased 
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competition for resources.  Forb distribution is limited by both abiotic and biotic factors yet 
physiological mechanisms leading to stress tolerance may increase distributional boundaries on 
coastal dunes. 
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Table 2.1  Two-way ANOVA results of water table depth (WTD), soil chlorides, and soil 
organic matter (SOM) for the independent variables dune (i.e. 1°, 2°, and 3°) and position (i.e. 
front, crest, and back).  D = dune, P = position. 
 D P D*P 
WTD *** *** ns 
Soil chlorides *** *** *** 
SOM ** ns ns 
* p < 0.05, ** p < 0.01, *** p , 0.001, ns = not significant 
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Table 2.2  Three-way ANOVA results of foliar δ13C, δ15N, % N, molar C:N, and tissue chlorides 
for the independent variables species (i.e. Cirsium horridulum, Rumex acetosella, and Conyza 
canadensis), dune (i.e. 1°, 2°, and 3°), and position (i.e. front, crest, and back).  SP = species,  
D = dune, P = position. 
 SP D P SP*D SP*P D*P SP*D*P 
        
δ13C *** *** ns ns * ns ns 
δ15N *** *** ** *** ns ns * 
%N *** ns *** ns * ** ns 
C:N *** ns * ns * * ns 
Tissue chlorides *** *** ns * ns ns ns 
* p < 0.05, ** p < 0.01, *** p , 0.001, ns = not significant 
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Table 2.3  Foliar δ13C, δ15N, % N, C:N, tissue chlorides, and RWC for Cirsium horridulum, 
Rumex acetosella, and Conyza canadensis.  Data were compiled across all dune sites on Hog 
Island, VA.  Values are means ± s. e.  Statistical significance is denoted with different letters at α 
= 0.05 based on Tukey-type post hoc comparison. 
 
 Cirsium Rumex Conyza 
    
δ13C (‰) -27.1 ± 0.1a -29.8 ± 0.1b -30.8 ± 0.1c 
δ15N (‰) 0.42 ± 0.28a -0.17 ± 0.17a -0.67 ± 0.14b 
%N 1.12 ± 0.06c 1.56 ± 0.05b 2.22 ± 0.08a 
C:N (molar) 21.8 ± 0.9a 23.4 ± 0.8a 15.8 ± 0.3b 
Tissue chlorides (µg/g) 40.3 ± 2.7a 2.0 ± 0.2b 6.1 ± 0.4b 
RWC (%) 84.3 ± 0.7a 89.9 ± 1.7b 86.0 ± 1.1ab 
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Table 2.4  Foliar δ13C, δ15N, % N, and C:N for 1°, 2°, and 3° dunes.  Data were compiled from 
all species (i.e. Cirsium horridulum, Rumex acetosella, Conyza canadensis) for each dune on 
Hog Island, VA.  Values are means ± s. e.  Statistical significance is denoted with different 
letters at α = 0.05 based on Tukey-type post hoc comparison. 
 
 1° dune 2° dune 3° dune 
    
δ13C (‰) -28.8 ± 0.4ab -29.0 ± 0.3b -28.8 ± 0.3a 
δ15N (‰) 1.01 ± 0.33c -0.26 ± 0.16b -0.84 ± 0.15 a 
%N 1.65 ± 0.13b 1.72 ± 0.09b 1.26 ± 0.08a 
C:N (molar) 18.3 ± 0.8a 19.9 ± 0.8ab 23.1 ± 0.9b 
Tissue chlorides (µg/g) 28.9 ± 4.8b 14.7 ± 2.5a 19.6 ± 4.0a 
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Table 2.5  Foliar δ13C, δ15N, % N, C:N, and tissue chlorides for the front, crest, and back of 
dunes.  Data were compiled from all species (i.e. Cirsium horridulum, Rumex acetosella, Conyza 
canadensis) for each dune position on Hog Island, VA.  Values are means ± s. e.  Statistical 
significance is denoted with different letters at α = 0.05 based on Tukey-type post hoc 
comparison. 
 
 Dune front Dune crest Dune back 
    
δ13C (‰) -28.8 ± 0.3a -28.9 ± 0.3a -29.0 ± 0.3a 
δ15N (‰) -0.24 ± 0.27a 0.40 ± 0.26a -0.26 ± 0.22a 
%N 1.4 ± 0.1a 1.7 ± 0.1a 1.5 ± 0.1a 
C:N (molar) 25.3 ± 1.1a 22.4 ± 1.0a 23.5 ± 0.9a 
Tissue chlorides (µg/g) 16.4 ± 3.0a 25.6 ± 4.5a 20.0 ± 3.8a 
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List of Figures 
Figure 2.1 Schematic showing forb distribution and edaphic variables across the front, top, and 
back of the 1°, 2°, and 3° dunes of Hog Island, VA, USA.  Total N is adapted from Brantley and 
Young (2010).   
 
Figure 2.2  Depth to the water table (WTD) from the soil surface (m, n = 3, top), soil chlorides 
(µg/g, n = 5, bottom), and soil pH (n = 9) for the front, top, and back of the 1°, 2°, and 3° dunes 
on Hog Island, VA.  
 
Figure 2.3  Leaf δ13C values and C:N for Cirsium horridulum, Rumex acetosella, and Conyza 
canadensis across all dune positions and locations (n = 45). 
 
Figure 2.4  Aboveground height (cm) frequency distributions for Cirsium horridulum, Rumex 
acetosella, and Conyza canadensis on the 2° dune (n = 100). Classes are 0.33 cm. 
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CHAPTER 3 
 
 
 
HIGHER STEM REFIXATION OF N-FIXING WOODY SPECIES COMPARED 
TO NON-FIXERS MAY CONTRIBUTE TO WOODY ENCROACHMENT 
 
 
 
Jaclyn K. Vick and Donald R. Young 
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Abstract  Corticular photosynthetic (CP) characteristics of three actinorhizal N-fixing 
woody species were compared to three non-fixers to determine whether a N-fixing association 
contributes to increased CP as a possible physiological mechanism enhancing expansion of 
woody species into grasslands.  N-fixers included Morella cerifera, Morella pensylvanica, and 
Elaeagnus umbellata whereas non-fixers were Diospyros virginiana, Prunus serotina, and 
Quercus virginiana.  In addition to chlorophyll contents and ratios, light transmittance through 
the periderm (Tperiderm) and light attenuation into the canopy (%Att) quantified interspecific 
variations in the light environment.  Field gas exchange measurements on 1° and 3° branch 
segments and leaves determined % of respirational CO2 refixed by corticular photosynthesis 
(%ref) and leaf net photosynthesis (Anet), respectively.  Higher chl a:b for 3° branches of non-
fixers corroborated our findings that tertiary branches of non-fixers had more light reaching the 
chlorenchyma layer compared to fixers based on both %Att and Tperiderm results.  Regardless of 
greater light interception, non-fixers had nearly 60% lower 3° branch %ref compared to fixers.  
Primary branch %ref was also significantly higher in fixers compared to non-fixers (p ≤ 0.001) 
supporting our hypothesis that fixers have higher CP.  Leaf Anet did not differ between fixers and 
non-fixers (p = 0.698).  Our results suggest that a N-fixing association enhances corticular 
photosynthesis in woody species.  CP may provide N fixers a mechanism for additional C gain 
and increased water use efficiency over non-fixers that may help to explain the expansive nature 
of the N fixer species from this study and those expanding worldwide. 
 
Key words Corticular photosynthesis, nitrogen fixation, PPFD, refixation, water use 
efficiency, woody encroachment  
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Introduction 
Historical shifts in land-use and changes in fire regimes are often cited as causal agents of 
woody encroachment.  Observed Pan-arctic increases in woody abundance are too extensive to 
be explained wholly by modified grazing pressures and fire suppression and thus have been 
attributed to climate warming (Tape et al. 2006).  Further, the encroaching woody species are 
often rhizobial or actinorhizal nitrogen fixers.  In the Arctic, N fixing Alnus spp. are expanding 
along with most other woody species (Sturm et al. 2001).  In other systems, while there are often 
many woody species expanding in range there is often a dominant species that is far more 
abundant such as the N fixing taxa Prosopis in the southwestern US (Browning et al. 2008), 
Hippophae rhamnoides on the East Frisian Island dunes (Isermann et al. 2007), and Morella 
cerifera on barrier islands along the US Atlantic coast (Young et al. 2007).  The woody species 
often have invasive qualities changing both the structure and function of the system they are 
colonizing.  In general, causes and consequences of woody encroachment have been identified; 
however, physiological mechanisms contributing to woody encroachment have not been 
thoroughly investigated.   
Warmer, drier climates which are becoming more prevalent with increased desertification 
may not only favor woody species but may also be perpetuated and even exacerbated by woody 
species.  Tamarix spp. are invasive shrubs that have been found to consume up to 4600 m3 ha-1 
yr-1 more water than native vegetation reducing water availability by 1.4- 3.0 billion m3 yr-1 in 
the arid and semiarid western US (Zavaleta 2000).  Species which thrive under water limited 
conditions and have high water use efficiency (WUE) may become dominant under future 
climate change scenarios.  Mechanisms that increase WUE may thus promote encroachment of 
woody species into grasslands. 
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   Corticular photosynthesis (CP) is a mechanism for woody plant carbon assimilation 
without water loss.  While traditionally much focus has been placed on leaf photosynthesis, the 
role of stem gas exchange to whole plant success is still relatively unknown.  CP (i.e. 
photosynthesis within woody stems) is becoming more commonly studied as an important 
mechanism for reducing respiratory carbon loss, avoiding anaerobisis, and increasing carbon 
acquisition without associated water loss.  CP is the refixation of respirational CO2 whereby 
stems utilize internal CO2 sources resulting in an increase in carbon use efficiency (CUE) as 
carbon is recycled internally (Aschan and Pfanz 2003).  When leaves open stomata to take in 
CO2 there is a concomitant unavoidable loss of water.  CP allows stems to fix carbon without any 
water loss resulting in higher WUE of stems compared to leaves.  Berveiller and Damesin (2008) 
found that leaf gross photosynthesis (PG) was reduced during natural drought but that drought 
had no effect on stem PG.  Stems may have reduced stress responses compared to leaves when 
water is limiting as occurs in times of drought or in naturally water limited systems such as 
sandy soils of coastal systems.       
 Most woody species utilize CP to some extent, however contribution of CP to whole 
plant carbon gain varies diurnally as well as with age, climate, season, and species.  Vick and 
Young (2009) showed that CP for M. cerifera reduced CO2 efflux from young stems by an 
average of 81% with maximum values of 110% during winter months suggesting the potential 
for net carbon assimilation within current year stems.  These values are comparable to refixation 
rates for other species, but they are higher than most.  As an actinorhizal N-fixer, M. cerifera has 
a distinct advantage over other shrub species colonizing the nutrient limited sandy soils of barrier 
islands and the high CP may be the result of a continuous source of N.   
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  Morella cerifera is native to the southeastern US and is aggressively encroaching into 
grasslands on Atlantic coast barrier islands (Young et al. 2007).  Based on extensive fieldwork in 
the mid-Atlantic coastal region, we noted that the dominant, expansive shrubs, M. cerifera, M. 
pensylvanica, and E. umbellata, are all actinorhizal N-fixers.  Increased N availability resulted in 
higher rates of refixation within stems of potted Fagus sylvatica (Berveiller et al. 2010), however 
this has not been tested under natural field conditions.  Our primary study objective was to 
determine whether corticular photosynthesis is higher in woody species (M. cerifera, M. 
pensylvanica, and E. umbellata) with an associated nitrogen fixing bacterium (Frankia) as 
compared to woody species (Prunus serotina, Quercus virginiana, and Diospyros virginiana) 
without a N fixing association under similar field conditions.  We hypothesized that N fixers 
would have higher %Ref than non fixers which may partially explain the dominance of the three 
N-fixers in the southeastern US. 
  
Materials and methods 
 Six woody species (shrubs or small trees) were used studied, three actinorhizal species 
(Morella cerifera (L.) Small, Myricaceae; Morella pensylvanica (Mirb.) Kartesz, Myricaceae; 
and Elaeagnus umbellate Thunb., Elaeagnaceae) with a symbiotic N-fixing association with the 
bacteria, Frankia and three species without a symbiotic N-fixing association (Diospyros 
virginiana L., Ebenaceae; Prunus serotina Ehrh., Rosaceae, and Quercus virginiana Mill., 
Fagaceae).  Data for M. pensylvanica, D. virginiana, P. serotina, and Q. virginiana were 
collected June 2009 at the US Army Corps of Engineers Field Research Facility (FRF) near 
Duck, NC, USA (36° 10’ 54” N, 75° 45’ 20” W) which is located on the Outer Banks, a chain of 
barrier islands.  The study site at the FRF is approximately 4 m above mean sea level.  
53 
 
Measurements for M. cerifera were conducted July of 2009 on Hog Island (37° 27’ 08” N, 75° 
40’ 23” W), a barrier island located along the eastern shore of VA, USA at an elevation of 1 m 
above mean sea level.  Data collection for E. umbellata was performed at Fort A. P. Hill (38° 05’ 
37” N, 77° 20’ 06” W), Caroline County, VA, USA during July of 2009 in a shrub thicket 
adjacent to an old field at 63 m above mean sea level.    
 As a potential light transmittance and gas exchange site, lenticel counts were conducted 
for 3° branches of each species whereby surface area of a defined portion of each branch was 
determined and counts were performed under a microscope. Incident PPFD, and transmittance 
through the periderm were determined for 1° and 3° branches of each species.  The youngest 
branches with leaves were considered to be 1°.  The intersection of two 1° branches resulted in a 
2° branch, and the intersection of two 2° branches resulted in a 3° branch.  Branch order is 
indicative of both branch age and size.  3° branches are older, larger, and have a more developed 
periderm compared to 1° branches which are typically green.  In order to quantify light 
attenuation (%Att) from 1° to 3° branches, incident PPFD (µmol m-2 s-1) was determined using a 
quantum sensor (190S, Li-Cor, Lincoln, Nebraska, USA).  The sensor was held on the upper 
surface perpendicular to the branch and incident PPFD was recorded for ten branches per order.  
%Att was calculated as: %Att = 1- (PPFD3°/PPFD1°).  3° branches (n = 5) of each species were 
collected in the field for transmittance through the periderm measurements since only a fraction 
of incident PPFD reaches the chlorophyll containing chlorenchyma layer.  The periderm was 
carefully removed and placed between two microscope slides.  A quantum sensor (190S, Li-Cor, 
Lincoln, Nebraska, USA) was used to determine transmittance through the periderm and 
microscope slides without periderm acting as controls (Levizou and Manetas 2008). 
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Chlorophyll contents (mg m-2) were determined for 1° and 3° branches and leaves collected in 
the field according to the methods recommended by Šesták (1971).  Chlorophyll was extracted in 
acetone overnight at 4° C from leaf discs and branches which were cut into small pieces.  Branch 
samples were then ground with a basic analytic mill (A11, IKA Works, Wilmington, NC, USA) 
and leaf samples were ground with a mortar and pestle, filtered, and analyzed using a 
spectrophotometer (Spectronic 21, Thermo Electron Corporation, Waltham, MA, USA) at 645 
and 663 nm wavelengths to obtain chl concentrations based (Arnon 1949). 
Gas exchange measurements for all species were collected between 1000 and 1400 h on 
clear days for 1° and 3° branches.  To quantify variations in CP, CO2 efflux under irradiance 
(RL) and CO2 efflux in the dark (RD) were determined for five branches per order per species 
following the methods of Vick and Young (2009).  Samples consisted of 10 cm branch segments 
which were excised using gardening shears.  The cut ends were immediately coated with wax to 
avoid dessication and release of gas and liquid phase CO2 (Levy and Jarvis 1998; Teskey and 
McGuire 2005).  Samples were measured for width and length to obtain surface area and placed 
into a infrared gas analyzer (Li-6200, Li-Cor, Lincoln, NE, USA) 250 cm3 chamber for 5 min in 
full sun (> 1000 µmol m-2 s-1 photosynthetic photon flux density, PPFD, 0.4- 0.7 µm) to 
determine RL.  The chamber was then placed into an opaque sack for 5 min to obtain RD.  Gross 
photosynthesis (PG) was calculated as: PG = RD – RL and percent refixation (%ref) = [(RD – 
RL)/RD] x 100 (Cernusak and Marshall 2000).  Following gas exchange measurements, samples 
were placed on ice and kept in the dark while being transported to the laboratory for Chl 
analysis.  Leaf Anet (µmol m-2 s-1) was determined for each species (n = 5) on the third or fourth 
fully grown sunlit leaf with a portable infrared gas analyzer (Li-6200, Li-Cor, Lincoln, NE, 
USA) 250 cm3 chamber.  Leaves were collected from each species, kept on ice and in the dark, 
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and transported to the laboratory for Chl analysis.  Leaves and branches from each species were 
dried and ground to a fine powder for N analysis which was performed at the University of 
Georgia Analytical Chemistry Laboratory (Athens, GA). 
 
Results 
 No differences were found for lenticels per unit area when comparing fixers and non N-
fixers (p = 0.306); however, P. serotina had > 60% more lenticels than all other species with 32 
± 7 lenticels cm-2 (p ≤ 0.001).  Light availability also differed both across species as well as for 
fixers and non-fixers.  %Att was highest for E. umbellata (96.9 ± 1.1) and lowest for Q. 
virginiana (18.0 ± 9.4) (p ≤ 0.001 across species, Fig. 1) meaning that a larger proportion of light 
reached 3° branches of Q. virginiana as compared to E. umbellata.  Fixers had higher %Att 
compared to non-fixers (91.0 ± 2.0 and 53.6 ± 7.2, respectively, p ≤ 0.001, Fig. 1) suggesting 
that non-fixers have a more open canopy and greater light availability for older and larger 
branches compared to fixers.  %Tperiderm for 3° branches ranged from a low of 9.28 ± 0.47 % for 
E. umbellata to a high of 18.94 ± 0.95 for Q. virginiana and varied significantly across species (p 
= 0.004, Fig. 1).  Overall, %Tperiderm was significantly higher for non-fixers compared to fixers by 
~ 25% (p = 0.018, Fig. 1).  
 Chlorophyll contents (a, b, and total) varied significantly across species for 1° and 3° 
branches (Table 1).  With the exception of the Morella spp., total chl was higher in 3° branches 
compared to 1° branches as would be expected with shade acclimation.  We found no significant 
differences with chl a:b for either branch orders; however, leaf chl a:b varied significantly across 
species (p = 0.003) and were higher than chl a:b for both branch orders.  Whereas 1° branch total 
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chl was higher for fixers (p = 0.039), total chl did not differ for either 3° branches or leaves 
(Table 2).     
 RD varied significantly across species for both 1° and 3° branches (p = 0.039 and 0.020, 
respectively, Table 1).  When fixers were compared to non-fixers, RD was significantly higher in 
non-fixer (p = 0.016) for 1° branches but did not vary for 3° branches (p = 0.906, Table 2).  PG 
values were low yet well within the range typically seen for woody stems (Table 1).  While PG 
did not vary between fixers and non-fixers for 1° branches, PG was significantly higher in fixers 
compared to non-fixers for 3° branches (p = 0.033, Table 2).  %Ref of 1° branches varied 
significantly across species and ranged from 38.9 ± 6.5% for Q. virginiana to 73.9 ± 2.5% for M. 
cerifera (p = 0.003, Fig. 2).  Fixers had significantly higher %ref compared to non-fixers for 1° 
branches (65.5 ± 3.4 % and 46.5 ± 4.0 %, respectively, p = 0.001, Fig. 2).  There was a reduction 
in %ref by as much as 75% for P. serotina and 48.3% for M. cerifera  as branch order increased 
from 1° to 3° and %ref did not vary significantly across species for 3° branches (p = 0.068, Fig. 
2).  As with 1° branches, %ref of 3° branches was significantly higher for fixers compared to 
non-fixers with 32.1 ± 3.5 % and 13.5 ± 4.4 %, respectively (p = 0.003, Fig. 2).  %Ref was 
decreased by 50% for fixers and 70% for non-fixers as branch order increased from 1° to 3° (Fig. 
2).  Leaf Anet ranged from 10.5 ± 1.3 µmol m-2 s-1 in Q. virginiana to 26.7 ± 3.8 µmol m-2 s-1 in 
P. serotina and varied significantly across species (p = 0.003, Fig. 2).  However, leaf Anet did not 
vary when fixers were compared to non-fixers (p = 0.698, Fig. 2). 
 %N varied significantly across species for leaves and branches (Table 1).  Elaeagnus 
umbellata had the highest foliar %N at 3.5%.  Branches had much lower %N compared to leaves 
and ranged from a low of 0.4% in 1° D. virginiana branches to a high of 2.0% in 3° branches of 
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E. umbellata.  Fixers had higher %N compared to non-fixers for 3° branches, but no differences 
were found for leaves or 1° branches (Table 2).   
 
Discussion 
 Variations in CP were quantified for three N-fixing woody species and three non-fixing 
woody species to determine whether an actinorhizal N-fixing association results in higher CP.  
Our hypothesis that fixers would have higher CP compared to non-fixers was supported.  %Ref 
in 1° branches was 46% for non-fixers and 65% for fixers.  While we did not directly test for a 
cause and effect relationship between N-fixation rates and CP, Berveiller et al. (2010) found that 
%ref increased from 58% to 74% in young Fagus sylvatica branches when stem N 
concentrations increased because of higher soil N content.  The similarity of their results to those 
from our study suggest that N availability not only affects leaf photosynthesis but also 
photosynthesis within stems of woody species.   
 As expected, %ref decreased from 1° to 3° branches for both fixers and non-fixers.  Older 
branches are both farther into the canopy typically resulting in reduced light availability and have 
a thicker periderm which reduces the amount of light reaching the photosynthetically active 
chlorenchyma layer beneath.  We would expect, then, that species with a more closed canopy 
and those with reduced transmittance through the periderm would have lower CP.  Fixers had 
greater light attenuation from 1° to 3° branches and lower Tperiderm both of which result in less 
light reaching the chlorenchyma layer compared to non-fixers.  Non-fixers had greater light 
available to 3° branches yet fixers had significantly higher %ref compared to non-fixers (32% 
and 13%, respectively).  Prunus serotina had notably high Anet and %ref which were more 
comparable to the fixers than the other two non-fixers and may indicate a N-acquisition strategy 
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other than N-fixation.  As this species co-occurred with both Morella spp., P. serotina may be an 
aggressive competitor for N which originates in the nodules of Morella spp. and eventually 
enters the available N pool in the soil (see Brantley and Young 2008).   
 Nitrogen and chlorophyll contents were quantified for leaves and branches of all species.  
Fixers had a trend for higher N content although the difference between fixers and non fixers was 
only significant for 3° branches.  Similarly, fixers had higher PG but only for 3° branches.  This 
is consistent with the documented positive relationship between N content and PG (Berveiller et 
al. 2007).  Fixers had higher total chlorophyll than non-fixers for 1° branches.  Primary branches 
are young and have either no or very little periderm.  These factors lead to higher light and %ref 
for 1° branches compared to older branches (Vick and Young 2009).   
 All three fixer species studied form dense, nearly monospecific thickets and are 
encroaching into grasslands in the Southeastern, US.  The three non-fixer species, while common 
to the same area, are not rapidly expanding.  These species were not chosen for this study based 
on their ability to form thickets but rather simply because they are the most prevalent woody 
species in these systems.  Rapidly expanding species often form dense, monospecific thickets 
thereby excluding other species and promoting dominance of a single woody species.  Brantley 
and Young (2007) measured leaf area index (LAI) values for M. cerifera shrub thickets that were 
comparable to tropical rain forest values.  They concluded that the high LAI acts to both 
maximize light capture, impede competition, and facilitate thicket expansion.  Similarly, 
Isermann (2007) showed that light levels beneath the N-fixing H. rhamnoides canopy were 
dramatically reduced thereby excluding common dune species which require high light 
conditions.  The sandy soils of barrier islands and most coastal landscapes are nutrient poor and 
often have low freshwater availability (Ehrenfeld 1990).  The actinorhizal N-fixing association 
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that each of the three fixer species has with the bacterium, Frankia, provides a N source where N 
may be limiting to co-occurring species such as the three non-fixer species.     
 The additional N source available to the fixers may reduce N limitation stress and based 
on our results may also increase CP.  Higher CP can both increase CUE and also WUE up to 
stand level.  CP internally recycles CO2 thereby reducing CO2 loss to the atmosphere.  This may 
reduce costs of maintenance and growth within branches and can contribute to trunk growth and 
bud development on defoliated plants (Saveyn et al. 2010).  CP may also minimize anoxic 
conditions within the stems where CO2 concentrations are high (Pfanz et al. 2002).  CP can 
proceed without any associated water loss since woody stems typically do not have stomata and 
CP does not depend on the intake of atmospheric CO2 as with foliar photosynthesis.  This results 
in carbon acquisition and increased WUE which may be particularly important in systems with 
low freshwater availability such as the sandy soils of coastal areas and perhaps semi-arid or arid 
systems.   
 The physiological mechanisms leading to the global phenomenon of woody 
encroachment into grasslands are not well understood.  Many of these encroaching species are 
either rhizobial or actinorhizal N-fixers such as M. cerifera on the Atlantic Coast barrier islands 
(Young et al. 2007), Prosopis spp. of the Southwestern, US (Knapp et al. 2008), Alnus spp. in the 
Arctic (Sturm et al. 2001), Cytisus scoparius in the French Massif Central (Prévosto et al. 2006), 
and Hippophaë rhamnoides on the dunes of the East Frisian Islands (Isermann et al. 2007, 
Isermann 2008).  A combination of many factors undoubtedly contributes to encroachment of 
woody species.  We suggest that this encroachment is enhanced by an available N source through 
N-fixation and the indirect resultant increased CP which leads to higher CUE and WUE for these 
species.  Our study was conducted during the summer when these species had full canopies.  The 
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increase in CP caused by higher N availability may be especially beneficial in water limited 
systems and also when branches receive high irradiance such as during the leafless period and 
also for species with few or small leaves.  Contribution of stems to whole plant carbon balance 
may be substantial especially considering that we found no differences with foliar carbon 
assimilation rates when comparing fixers and non-fixers.  The role of CP to the nutrient, water, 
and carbon balance of woody species may be significant with regards to expansion by native and 
exotic woody species observed in systems around the world.  
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Table 3.1  Results of ANOVAs comparing %N, pigment concentrations, and gas exchange 
metrics for 1st and 3rd order branches and leaves of six woody species from the Southeastern, US.  
Morella cerifera (MC), M. pensylvanica (MP), and E. umbellata (EU) are actinorhizal N-fixers 
whereas D. virginiana (DV), P. serotina (PS), and Q. virginiana (QV) are non-fixers 
  MC MP EU DV PS QV 
1st order branch        
%N  0.5 ± 0.0ab 0.9 ± 0.0bc 1.2 ± 0.1c 0.4 ± 0.0a 0.6 ± 
0.0ab 
1.3 ± 0.2c 
Chlorophyll a 76.0 ± 
7.6b 
42.2 ± 
11.3ab 
62.2 ± 
5.0ab 
58.5 ± 
9.0ab 
27.7 ± 
7.7a 
38.9 ± 
7.1a 
 b 66.4 ± 
5.5b 
42.4 ± 
6.0ab 
45.2 ± 
4.6ab 
57.1 ± 
7.0ab 
30.2 ± 
5.4a 
31.5 ± 
8.9a 
 a:b 1.14 ± 
0.03a 
0.97 ± 
0.16a 
1.39 ± 
0.04a 
1.01 ± 
0.04a 
0.97 ± 
0.20a 
1.35 ± 
0.12a 
 Total 142.4 ± 
13.0b 
84.6 ± 
16.6ab 
107.5 ± 
9.6ab 
115.6 ± 
15.9ab 
57.9 ± 
11.1a 
70.4 ± 
15.9a 
CO2 exchange RL  0.92 ± 
0.16a 
0.96 ± 
0.25a 
0.91 ± 
0.15a 
1.95 ± 
0.30a 
1.93 ± 
0.49a 
2.25 ± 
0.75a 
 RD  3.40 ± 
0.35ab 
2.76 ± 
0.34ab 
2.04 ± 
0.06a 
3.46 ± 
0.42ab 
4.29 ± 
0.41b 
3.42 ± 
0.80ab 
 PG 2.48 ± 
0.20b 
1.80 ± 
0.16ab 
1.13 ± 
0.16a 
1.51 ± 
0.16ab 
2.36 ± 
0.44b 
1.17 ± 
0.14a 
3rd order 
branch 
       
%N  0.9 ± 0.0bc 0.8 ± 0.0b 2.0 ± 0.1d 0.5 ± 0.0a 1.1 ± 
0.1c 
0.9 ± 
0.1bc 
Chlorophyll a 62.7 ± 
4.4ab 
45.6 ± 5.4a 66.0 ± 
4.1ab 
110.5 ± 
33.6b 
37.8 ± 
3.6a 
57.1 ± 
6.5ab 
 b 59.6 ± 
4.4b 
39.0 ± 
3.5ab 
58.5 ± 
3.9b 
89.8 ± 
9.2c 
31.6 ± 
2.9a 
47.1 ± 
6.1ab 
 a:b 1.05 ± 
0.02a 
1.16 ± 
0.05a 
1.13 ± 
0.02a 
1.17 ± 
0.26a 
1.19 ± 
0.02a 
1.22 ± 
0.04a 
 Total 122.3 ± 
8.7ab 
84.6 ± 8.8a 124.5 ± 
7.9ab 
200.3 ± 
40.5c 
69.4 ± 
6.5a 
104.2 ± 
12.5a 
CO2 exchange RL  1.83 ± 
0.56ab 
1.04 ± 
0.20a 
2.70 ± 
0.37ab 
1.74 ± 
0.50ab 
2.13 ± 
0.26ab 
2.80 ± 
0.27b 
 RD  2.78 ± 
0.51ab 
1.50 ± 
0.19a 
3.64 ± 
0.53b 
1.90 ± 
0.46ab 
2.53 ± 
0.39ab 
3.33 ± 
0.52ab 
 PG 0.95 ± 
0.10a 
0.46 ± 
0.04a 
0.94 ± 
0.27a 
0.34 ± 
0.08a 
0.04 ± 
0.14a 
0.67 ± 
0.20a 
Leaf        
%N  1.6 ± 0.0a 1.6 ± 0.1a 3.5 ± 0.2c 1.4 ± 0.0a 2.1 ± 1.7 ± 0.1a 
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0.1b 
Chlorophyll a 248 ± 19ab 250 ± 13ab 312 ± 18ab 369 ± 42b 229 ± 
23a 
340 ± 
46ab 
 b 196 ± 10ab 188 ± 10ab 221 ± 15ab 258 ± 26b 158 ± 
15a 
245 ± 30b 
 a:b 1.26 ± 
0.04a 
1.33 ± 
0.01ab 
1.42 ± 
0.04b 
1.42 ± 
0.02b 
1.45 ± 
0.03b 
1.38 ± 
0.03ab 
 Total 444 ± 28ab 438 ± 23ab 532 ± 33ab 627 ± 68b 387 ± 
38a 
584 ± 76b 
Notes: Significance (α = 0.05) denoted with different letters based on Tukey-type post hoc 
testing. Values represent mean ± s.e. for %N, chlorophyll contents (mg/m2) and ratios for 1° and 
3° branches and leaves and gas exchange (µmol m-2 s-1 for RL, CO2 efflux in the light; RD, CO2 
efflux in the dark; and PG, gross photosynthesis).
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Table 3.2  Results of t-tests comparing %N, pigment concentrations, and gas exchange metrics 
for 1st and 3rd order branches and leaves of actinorhizal N-fixers (F) and non-fixers (NF) from the 
Southeastern, US 
  F NF p-value 
1st order     
%N  0.9 ± 0.1 0.8 ± 0.1 0.502 
Chlorophyll a 
60.2 ± 5.8 41.7 ± 5.5 0.028 
 b 
51.3 ± 4.1 39.6 ± 5.1 0.083 
 a:b 
1.16 ± 0.1 1.11 ± 0.1 0.615 
 Total 
111.5 ± 9.6 81.3 ± 10.2 0.039 
CO2 exchange RL  0.93 ± 0.10 2.05 ± 0.30 ≤ 0.001 
 RD  2.73 ± 0.21 3.73 ± 0.33 0.016 
 PG 1.81 ± 0.17 1.68 ± 0.20 0.639 
3rd order  
   
%N  
1.2 ± 0.1 0.9 ± 0.1 0.026 
Chlorophyll a 
58.1 ± 3.5 68.4 ± 13.4 0.462 
 b 
52.4 ± 3.3 56.2 ± 7.5 0.643 
 a:b 
1.11 ± 0.02 1.20 ± 0.08 0.330 
 Total 
110.5 ± 6.7 124.6 ± 19.9 0.505 
CO2 exchange RL  1.85 ± 0.28 2.22 ± 0.23 0.318 
 RD  2.64 ± 0.33 2.59 ± 0.29 0.906 
 PG 0.78 ± 0.11 0.47 ± 0.09 0.033 
Leaf     
%N  2.2 ± 0.2 1.7 ± 0.1 0.063 
Chlorophyll a 270.1 ± 11.9 312.4 ± 26.0 0.150 
 b 201.4 ± 7.3 220.4 ± 17.8 0.330 
 a:b 1.34 ± 0.02 1.42 ± 0.02 0.014 
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 Total 471.4 ± 18.9 532.8 ± 43.7 0.208 
Notes: Significance (α = 0.05). Values represent mean ± s.e. for %N, chlorophyll contents 
(mg/m2) and ratios for 1° and 3° branches and leaves and gas exchange (µmol m-2 s-1 for RL, CO2 
efflux in the light; RD, CO2 efflux in the dark; and PG, gross photosynthesis). 
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FIGURE LEGENDS 
Figure 3.1  Boxplots for comparing light attenuation (%Att) of actinorhizal nitrogen- fixers (F) 
and non-fixers (NF, top left) and across species (top right).  %Att was calculated with the 
formula: %Att = 1- (PPFD3°/PPFD1°) where PPFD represents photosynthetic photon flux density 
(mol m-2 s-1) incident on 1° and 3° branches.  Mean % transmittance through the periderm 
(Tperiderm) for 3° branches of F and NF (bottom left) and across species (bottom right).  Morella 
cerifera, M. pensylvanica, and E. umbellata are fixers and D. virginiana, P. serotina, and Q. 
virginiana are non-fixers of Southeastern, US 
 
 
Figure 3.2  Mean leaf net photosynthesis (Anet) of actinorhizal nitrogen- fixers (F) and non-fixers 
(NF, top left) and across species (top right).  Mean % refixation (%Ref) of 1° and 3° branches for 
F and NF (bottom left) and across species (bottom right).  Morella cerifera, M. pensylvanica, and 
E. umbellata are fixers and D. virginiana, P. serotina, and Q. virginiana are non-fixers of 
Southeastern, US 
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Abstract 
 Invasive exotics and the impacts on native taxa have been widely studied; however, less 
focus has been placed on invasive natives, especially the positive effects of native encroachment 
on co-occurring species.  Our objective was to determine whether an expansive native N-fixing 
shrub (Morella cerifera) facilitates a co-occurring native shrub (Baccharis halimifolia).  We 
compared physiology, leaf chemistry, and associated edaphic factors of B. halimifolia growing 
near M. cerifera to B. halimifolia which were isolated from M. cerifera thickets.  Results indicate 
that B. halimifolia growing near M. cerifera had double foliar %N and 30% more total 
chlorophyll compared to isolated B. halimifolia.  Conversely, soil samples obtained beneath 
isolated B. halimifolia had more than double the total N compared to soils beneath both M. 
cerifera and adjacent B. halimifolia.  Isolated B. halimifolia and B. halimifolia growing near M. 
cerifera had disparate δ15N values potentially indicating different N sources whereas M. cerifera 
and associated B. halimifolia had similar values which were consistent with a source of fixed N.  
Isolated B. halimifolia had higher N use efficiency (NUE) as indicated by high C:N.  While 
photosynthesis was not significantly reduced for isolated B. halimifolia, light adapted-
chlorophyll fluorescence yield was lower compared to B. halimifolia growing adjacent to 
thickets.  Higher total soil N, lower foliar N and chlorophyll contents, and higher NUE for 
isolated B. halimifolia and reduced chlorophyll fluorescence yield indicate resource limitations 
and/or higher environmental stress compared to B. halimifolia associated with thickets.  Based 
on these data, the expansive native N-fixer, M. cerifera, facilitate the co-occurring non-fixer, B. 
halimifolia. 
Keywords: Baccharis halimifolia, δ13C, δ15N, facilitation, Morella cerifera, NUE 
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Introduction 
 While the term “invasion” is typically associated with exotic or alien species and the term 
“encroachment” is assigned to natives which expand beyond their historical boundaries (van 
Auken 2009), the consequences are often the same.  Effects of invasion of exotics and 
encroachment of natives on native vegetation and communities have been widely investigated 
and both result in decreased species richness and diversity.  Previous studies on invasion and 
encroachment focus primarily on negative consequences and often provide suggestions for 
management strategies.  Considerably less attention has been given to positive consequences and 
are often limited to increases in soil fertility and carbon sequestration associated with woody 
encroachment with little focus on positive species interactions (i.e. facilitation, Rodriguez 2006)   
 Native woody species are expanding on a large scale across the Pan-Arctic (Sturm et al. 
2001, Tape et al. 2006) and on more regional and local scales such as the Virginia barrier islands 
(Zinnert et al. in press).  This expansion has been linked to warming, precipitation patterns, and 
increases in atmospheric [CO2] attributed to global climate change (Sankaran et al. 2005, Tape et 
al. 2006, Zinnert et al. in press).  Species that more readily take advantage of the warmer 
temperatures, reduced evaporation (Eamus and Palmer 2007), and higher [CO2] may outcompete 
and eventually replace co-occurring native species thereby profoundly changing community 
structure.   
 Conversion of land from an area of high species diversity to one with a single dominant 
species reduces species richness and diversity as the invading species replaces the native plant 
community.  However, competition and facilitation often occur simultaneously within a single 
community (Callaway and Walker 1997).  Species diversity and community competition within 
systems characterized by high environmental stress are often determined more by facilitative 
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interactions rather than competitive interactions whereby facilitation through stress reduction 
supersedes competition for resources (Callaway et al. 2002).   
 On the Virginia barrier islands, Morella cerifera L. (Myricaceae) continues to encroach 
into areas which were historically grasslands.  Morella cerifera is a symbiotic actinorhizal N-
fixer with an association with the bacterium, Frankia (Young et al. 1992), and also has VAM 
fungal root symbionts (Semones and Young 1995).  Forming dense thickets, M. cerifera 
competitively excludes other species through extreme reductions in light levels beneath the 
canopy and despite higher soil N and moisture within thickets (Brantley and Young 2007, 2010).  
Although the thickets are nearly monospecific, edge habitat is exploited by species including 
dogfennel (Eupatorium capillifolium (Lam.) Small, Asteraceae) and especially the native 
groundsel bush (Baccharis halimifolia L., Asteraceae). 
 Our objective was to identify potential facilitation of B. halimifolia by M. cerifera by 
comparing B. halimifolia growing adjacent to M. cerifera thickets to B. halimifolia growing in 
isolation from thickets.  Our study is based on observations that B. halimifolia grows almost 
exclusively along the edges of M. cerifera thickets.  We hypothesized that B. halimifolia growing 
near M. cerifera would indicate facilitative effects with higher foliar N and chlorophyll contents 
compared to isolated B. halimifolia and δ15N values similar to M. cerifera whereas isolated B. 
halimifolia would have distinct δ15N values and reduced physiological capacity with regards to 
photosynthesis and chlorophyll fluorescence yield and higher NUE and water use efficiency 
(WUE) as determined by C:N and δ13C, respectively.   
 
Materials and methods 
 
 This study was performed during July 2009 on Hog Island, Virginia, a Southeastern US 
Atlantic coast barrier island (37o 40’ N, 75o 40’ W) located 8 km from the Eastern Shore 
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peninsula of Virginia.  The terrestrial portion of the island encompasses ~750 ha and is 10 km 
long and 2.5 km wide  (Young et al. 2007).  Hog Island is within the Virginia Coast Reserve, a 
National Science Foundation Long Term Ecological Research (LTER) site.  The north end of the 
island has been accreting for ~140 years (Shao et al. 1996) resulting in a chronosequence across 
the island with new soils forming on the oceanside.   Hog Island has nutrient poor sandy soils 
with a low water holding capacity (Ehrenfeld 1990) featuring dense, nearly monospecific 
thickets of Morella cerifera L. (Myricaceae).  Previous studies have shown extensive woody 
expansion into grasslands on Hog Island over the last 30 years (Young et al. 2007, Zinnert et al. 
in press).  While thickets are dominated by M. cerifera, the B. halimifolia component of woody 
vegetation on Hog Island has not been quantified.   
 Three parallel transects were established perpendicular to the shore (i.e. East to West) 
from the vegetation line to the ocean side M. cerifera shrub thicket.  The vegetation line was 
deemed the point at which vegetation first colonizes inland of the shoreline.  A one m2 quadrat 
was placed every 10 m along the transect and 5 m to the north and to the south of the transect to 
obtain percent cover, species richness, and soil samples (n = 5) at a depth of 10 cm for soil 
chloride, N content, and δ15N values for the area between the strand and the shrub thicket where 
seedlings of both M. cerifera and B. halimifolia become established once grasses have colonized.  
 Both isolated B. halimifolia (i.e. individuals distant from M. cerifera thickets) and B. 
halimifolia adjacent to thickets colonize swale habitats which are more mesic compared to dunes.  
Analysis of current distribution and niche preference for M. cerifera has shown that thicket 
expansion will continue as M. cerifera colonizes grassy swale habitats on the island (Zinnert et 
al., in press).  Isolated B. halimifolia occupy areas which have not yet been colonized by M. 
cerifera, but which represent areas projected to experience encroachment by M. cerifera within 
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the next decade.  To quantify current variations in soils beneath shrub canopies, soil samples at a 
depth of 10 cm were collected within the rhizosphere (midway between the bole and edge of the 
canopy) of mature (>2 m) individuals of isolated B. halimifolia, B. halimifolia adjacent to M. 
cerifera shrub thickets, and  M. cerifera for soil N content and soil δ15N (n = 8).  Leaves from 
isolated B. halimifolia, B. halimifolia adjacent to M. cerifera shrub thickets, and  M. cerifera 
were collected for %N, C:N, δ15N, and δ13C analysis (n = 8).  Soil and leaf samples were placed 
in a drying oven at 70°C for 72 h.  Soil and leaf samples for nutrient and isotope analysis were 
ground to a fine powder with a mortar and pestle.  Samples were analyzed on an elemental 
analyzer-isotope ratio mass spectrometer at the University of Georgia Stable Isotope & Soil 
Biology Laboratory (Athens, Georgia, USA).  Soil chloride analyses followed the methods of 
Young et al. (1994) and were measured with a digital ionalyzer and chloride electrode (Model 
501, Orion Research Incorporated, Massachusetts, USA).    
To determine whether proximity to M. cerifera results in enhanced physiological 
capacity, light-adapted chlorophyll fluorescence yield (∆F/Fm') and net photosynthesis (Anet) 
were quantified on the 4th fully expanded sunlit leaf of M. cerifera, B. halimifolia near M. 
cerifera thickets, and isolated B. halimifolia within 2 h of solar noon on cloudless days (n = 40).  
∆F/Fm' was obtained using a portable pulse amplitude modulated fluorometer (mini-PAM, Walz, 
Effeltrich, Germany).  A portable infrared gas analyzer (Li- 6200, Li-Cor, Lincoln, Nebraska, 
USA) determined variations in Anet.   
 Leaves from full grown individuals of M. cerifera, B. halimifolia near M. cerifera 
thickets, and isolated B. halimifolia were collected, placed on ice, and brought back to the lab for 
processing.  Foliar pigment concentrations (chlorophylls a and b) were determined by extracting 
chlorophyll in 100% acetone at 4°C for 24 h.  Samples were then ground in a mortar and pestle, 
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filtered, and analyzed using a spectrophotometer (Spectronic 21, Thermo Electron Corporation, 
Waltham, Massachusetts, USA) at 645 and 663 nm wavelengths (methods follow Šesták 1971).  
 Variations in chlorophyll fluorescence, leaf net photosynthesis, pigment concentrations, 
soil chlorides, %N, and δ15N, and foliar %N, C:N, δ13C, and δ15N were determined with one 
factor analysis of variance.  Tukey’s test determined significant differences in means (α = 0.05).   
 
Results 
 In order to detect differences in nutrient sources and acquisition and physiological status 
of B. halimifolia shrubs growing both isolated from and adjacent to M. cerifera thickets, total 
Nsoil and δ15Nsoil, foliar nutrient concentrations, δ13C, and δ15N and physiology were quantified in 
a field study conducted on Hog Island, VA.  In addition to total Nsoil and δ15Nsoil , % cover and 
soil chlorides were determined for a transect which was established between the shore and shrub 
thickets. 
 Based on a transect established within the study site, % cover and soil chlorides varied 
with distance from the vegetation line (p ≤ 0.001 each).  Percent cover was highest at 40 m from 
the vegetation line where vegetation first colonizes the strand which is ~76 m seaward of the M. 
cerifera thicket (Figure 4.1).  As a general trend, dunes had higher % cover compared to 
preceding dunes where freshwater access is limited (Figure 4.1).  Isolated B. halimifolia shrubs 
were ~ 90- 95 m from the vegetation line.  Based on location, isolated B. halimifolia were at the 
backdune/swale transition where % cover was ~5% (Figure 4.1).  Soil chlorides generally 
increased with distance to a maximum of ~170 µg/g at the front of the second dune followed by a 
dramatic reduction in soil chlorides (Figure 4.1).  Soil chlorides were less than 80 µg/g at the 90 
m location where isolated B. halimifolia colonize (Figure 4.1).  Total Nsoil varied across the 
78 
 
transect (p ≤ 0.001) and generally increased with distance with the exception of a decrease from 
70- 90 m at which point Nsoil began to increase again (Figure 4.2).  Values for soils in the area of 
isolated B. halimifolia ranged from ~38-48 ppm N (Figure 4.2).  δ15N values were variable but 
remained within the 2-4 ‰ range up to 70 m along the transect at which point the values 
decreased to ~1 ‰ between 90 m and the edge of the thicket at 116 m (Figure 4.2).  
 In addition to transect values, total Nsoil and δ15Nsoil values from beneath shrub canopies 
were quantified to determine differences both between the shrubs and the surrounding soils and 
among the shrubs as well.  Soil N content and δ15N from beneath isolated B. halimifolia, B. 
halimifolia growing near thickets, and M. cerifera showed differences with total Nsoil (p = 0.002, 
Figure 4.3) but not δ15Nsoil (p = 0.100, Figure 4.4).  Total soil N was much higher beneath 
isolated B. halimifolia and the most depleted beneath M. cerifera (Figure 4.3).  Although δ15Nsoil 
values did not vary statistically, there was a trend of higher values for isolated B. halimifolia 
compared to both M. cerifera and associated B. halimifolia (Figure 4.4). 
 Variations in foliar nutrient content and isotope effects were quantified for M. cerifera, B. 
halimifolia adjacent to thickets, and isolated B. halimifolia.  Although M. cerifera is a N-fixer, it 
did not have the highest foliar %N which was highest for B. halimifolia associated with M. 
cerifera thickets which had double the N content of the lowest values which were associated 
with isolated B. halimifolia (P ≤ 0.001, Figure 4.3).  Total chlorophyll content was 31% higher 
for B. halimifolia colonizing thicket edges compared to isolated B. halimifolia (p ≤ 0.001, data 
not shown).  δ15Nfoliar values were significantly higher (i.e. more positive) for isolated B. 
halimifolia, but values for B. halimifolia adjacent to thickets were comparable to M. cerifera 
values (p ≤ 0.001, Figure 4.4).  C:N ratios were used as a proxy for nitrogen use efficiency 
(NUE) with higher C:N representing higher NUE (Chapin 1980).  Mean foliar C:N ratios for 
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solitary B. halimifolia were more than double those of B. halimifolia growing near M. cerifera (P 
≤ 0.001, Figure 4.5) suggesting higher NUE for isolated B. halimifolia.  Foliar δ13C values were 
determined as an indication of water use efficiency (WUE) based on the relationship suggesting 
higher δ13C values may be indicative of higher water use efficiency (Farquhar and Richards 
1984, O’Leary 1988), or possibly higher carboxylation efficiency if associated with higher foliar 
N content (Cordell et al. 1999).  Isolated B. halimifolia had the lowest (i.e. most negative) δ13C 
values followed by B. halimifolia adjacent to M. cerifera and finally M. cerifera (P ≤ 0.001, 
Figure 4.5).   Determination of physiological status was conducted on B. halimifolia growing 
near (~1.4 m bole to bole) and far (~22.1 m) from M. cerifera thickets.  Comparisons of Anet 
(µmol CO2 m-2 s-1) yielded no difference between the two locations for B. halimifolia (p = 0.342, 
Figure 4.6).  In contrast, B. halimifolia adjacent to thickets had significantly higher ∆F/Fm' than 
isolated B. halimifolia (P ≤ 0.001, Figure 4.6).   
    
Discussion 
 Consequences of M. cerifera thicket expansion ils are complex and may include changes 
species replacement, competition, facilitation, and edaphic factors.  Considering the low nutrient 
sandy soils, our objective was to identify whether facilitation of a non-N fixing shrub, B. 
halimifolia, by an expansive N-fixer, M. cerifera occurs on a Virginia coast barrier island.  Island 
soils are low in resources (e.g. nutrients and freshwater) and high in abiotic stressors (e.g. 
flooding, saline soils, sand abrasion, and high light levels and soil temperatures) creating 
challenges for germination and establishment (Ehrenfeld 1990).  Under such conditions, 
competition for resources may be secondary to facilitation when neighbors act to buffer stresses, 
thus promoting growth (Callaway et al. 2002).  We hypothesized that B. halimifolia adjacent to 
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M. cerifera thickets would have higher foliar N and chlorophyll contents compared to isolated B. 
halimifolia.  This facilitation hypothesis was based upon the assumption that M. cerifera thickets 
are “zones of fertility” with moderated stresses and higher resources compared to areas of bare 
sand or grassland (Garcia-Moya and McKell 1970).  We also hypothesized that isolated B. 
halimifolia would have reduced physiological response, distinct δ15N values, and higher NUE 
and WUE compared to M. cerifera and associated B. halimifolia.  These hypotheses were based 
on the observations that isolated B. halimifolia are more exposed in open areas compared to the 
relatively more protected swale habitat where thickets form and where water is more available 
both through increased soil moisture as a result of the litter layer and based on a lower elevation 
which is closer to the freshwater lens.  
 Expansion of M. cerifera thickets into grasslands on Hog Island alters microclimate and 
resource availability with thickets having higher gravimetric water content, lower temperatures, 
and higher soil organic matter, total N, and total P compared to adjacent grasslands, especially 
with increasing thicket age (Brantley and Young 2010).  Shumway (2000) reported significantly 
lower soil temperatures and higher soil N within Myrica pensylvanica shrub canopies compared 
to open areas and ultimately concluded that this congeneric of M. cerifera facilitates growth and 
reproduction of two co-occurring herbaceous species on Cape Cod, MA sand dunes.  Our results 
supported our hypothesis with significantly higher foliar %N and total chlorophyll in B. 
halimifolia growing close to M. cerifera compared to isolated B. halimifolia individuals 
suggesting either direct or indirect facilitation of B. halimifolia by M. cerifera.  Similarly, Kurten 
et al. (2008) showed that shrubs growing near M. cerifera on a lowland Hawaiian lava flow had 
significantly higher foliar N compared to distant shrubs.  We also observed variations in foliar 
δ15N.  Morella cerifera and associated B. halimifolia had similar isotopic values which are 
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characteristic of fixed N as the primary N source.  Isolated B. halimifolia had higher values 
which may indicate soil N (i.e nitrate and ammonium) as the primary N source because soil 
microbes discriminate against the heavier isotope resulting in a heavier source N available for 
plant uptake (Spehn et al. 2002).  Higher δ15N may also indicate N limitation forcing the plant to 
uptake all available N regardless of isotope and leading to increased accumulation of the heavier 
isotope in plant tissues compared to populations which are not N limited (McKee et al. 2002).  
Based on our findings of higher soil N beneath isolated B. halimifolia shrubs we cannot conclude 
that N limitation resulted in the higher isotopic values.  The evidence instead points to 
differences in source N or differences in N cycling between the two locations (i.e. thicket versus 
open grassland) of B. halimifolia sampled, and it is likely that both sources of variation lead to 
the differences in δ15N values. 
 Based on the harsher environmental conditions of the open area colonized by isolated B. 
halimifolia, we hypothesized that physiological status would be lower compared to the B. 
halimifolia population growing adjacent to thickets.  While we found no differences in Anet, 
isolated B. halimifolia had 21% lower light-adapted chlorophyll fluorescence yield which is 
consistent with the findings that dark-adapted chlorophyll fluorescence was higher for Solidago 
and Ammophila associated with M. pensylvanica thickets compared to individuals growing out in 
the open (Shumway 2000).  Armas and Pugnaire (2005) found that light attenuation within shrub 
canopies reduced photoinhibition of a co-occurring species resulting in higher PSII 
photochemical efficiency.  Isolated B. halimifolia shrubs are more exposed to the harsh 
environmental conditions on the island compared to the shrubs which grow next to M. cerifera.   
 Close proximity to M. cerifera may reduce water and nutrient limitations and minimize 
abiotic stresses such as high irradiance and temperatures through shading.  Solitary B. halimifolia 
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individuals had lower (i.e. more negative) δ13C values compared to those near M. cerifera 
thickets.  This can be an indication of either lower WUE (O’Leary 1988) or reduced 
carboxylation capacity (Cordell et al. 1999).  Isolated B. halimifolia shrubs have less access to 
freshwater compared to conspecifics growing closely along M. cerifera thickets which would 
presumably result in higher WUE (i.e. higher δ13C), but those were not the results that we 
obtained.  Since the lowest δ13C values were associated with the lowest foliar N content, this 
may be an indication that isolated B. halimifolia has a reduced carboxylation capacity rather than 
assuming a lower WUE which is unlikely considering isolated B. halimifolia are located distant 
from thickets and the associated increased soil moisture beneath thicket canopies.  Unfortunately, 
the isotopic results cannot conclusively pinpoint the source of variation between isolated B. 
halimifolia and individuals growing near thickets.  Carboxylation capacity needs to be quantified 
to confirm the source of variation, but those data were not collected for this study. 
 Isolated B. halimifolia shrubs had higher NUE based on high C:N ratios.  We expected to 
find higher N content in soils beneath M. cerifera thickets and closely associated shrubs than 
beneath solitary B. halimifolia shrubs, but solitary shrubs by far had the highest levels of total 
soil N beneath the canopy.  Why then would these isolated shrubs have the highest NUE and 
lowest foliar N contents?  These results suggest that perhaps N limitation is secondary to 
limitation of another resource (e.g. water or phosphorus) for B. halimifolia on barrier islands.  
Similarly, Crews et al. (1995) measured low foliar N content of Metrosideros polymorpha shrubs 
in Hawaii despite high available soil N demonstrating limitation by a resource other than N was 
preventing uptake into plant tissues.  Westman et al. (1975) showed that juvenile B. halimifolia 
growth was not reduced under nitrogen deficiency conditions but was markedly suppressed 
under P limitation.  While higher arbuscular mycorrhizal fungal infection has been observed for 
83 
 
B. halimifolia in open areas colonized by isolated B. halimifolia which promotes acquisition of 
water and P (Field 1999), this association may not sufficiently reduce P and water limitations to 
allow for uptake of N under such harsh conditions.  
 The results of this study indicate that the actinorhizal N-fixer, M. cerifera facilitates 
mature B. halimifolia shrubs through mechanisms which may include resource allocation and 
reduction of environmental stress severity.  Our study was performed with mature shrubs rather 
than juveniles, but the results are similar to those observed with the nurse plants (Padilla and 
Pugnaire 2006).  Morella cerifera replaces grasslands as it expands in range and outcompetes or 
inhibits grasses and forbs.  However, competition often occurs simultaneously along with 
facilitation at a community level.  Verdu and Valiente-Banuet (2008) proposed that facilitation 
acts within networks of species with a nested structure resulting in high connectivity among taxa.  
Grasses such as Spartina alterniflora facilitate B. halimifolia colonization through facilitation 
(Egerova et al. 2003).  As B. halimifolia becomes established, juvenile shrubs may act as perches 
promoting establishment of the bird-dispersed M. cerifera, but as B. halimifolia matures it may 
then benefit from close proximity to M. cerifera as facilitative interactions dominate over 
competition.   According to Callaway et al. (2002), the influence of facilitative interactions on 
community organization and diversity has been largely underestimated.  Over the past few 
decades, the Virginia barrier island landscape has been in transition with the rapid expansion of 
M. cerifera thickets encroaching into grasslands.  Initially this may have resulted in a decrease in 
species diversity as monospecific thickets began to dominate this system, however through 
facilitation, species are able to exploit newly created habitat such as thicket edges preferred by B. 
halimifolia where the stressful environmental conditions characteristic of barrier islands are 
moderated. 
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Figure legends 
4.1  Vegetation cover (%, top) and total soil chlorides (bottom) for a transect established 
perpendicular to the shoreline on Hog Island, VA from the first observation of established 
vegetation inland from the shore (0 m) to the edge of the Morella cerifera shrub thicket (116m). 
Values are means ± standard error. 
 
4.2  Total soil [N] (top) and soil δ15N (bottom) for a transect established perpendicular to the 
shoreline on Hog Island, VA from the first observation of established vegetation inland from the 
shore (0 m) to the edge of the Morella cerifera shrub thicket (116m).  Values are means ± 
standard error. 
 
4.3  Foliar N concentrations (top) and soil N concentrations (bottom) for isolated Baccharis 
halimifolia (B-), B. halimifolia adjacent to Morella cerifera thickets (B+) and M. cerifera (M).  
Soil samples were collected halfway between the bole and the edge of the shrub canopy.  Values 
are means ± standard error. 
 
4.4  Foliar and soil δ15N for isolated Baccharis halimifolia (B-), B. halimifolia adjacent to 
Morella cerifera thickets (B+) and M. cerifera (M).  Soil samples were collected halfway 
between the bole and the edge of the shrub canopy.  Values are means ± standard error. 
 
4.5  Foliar δ13C and C:N for isolated Baccharis halimifolia (B-), B. halimifolia adjacent to 
Morella cerifera thickets (B+) and M. cerifera (M).  Soil samples were collected halfway 
between the bole and the edge of the shrub canopy.  Values are raw data. 
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4.6  Net photosynthesis and light-adapted chlorophyll fluorescence for isolated Baccharis 
halimifolia (B-) and B. halimifolia adjacent to Morella cerifera thickets (B+).  Values are means 
± standard error. 
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COMPARATIVE RESPONSES OF A NON-N-FIXING SHRUB AND AN 
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Abstract 
 To determine variations in responses to availability of soil N between a non-fixing shrub, 
Baccharis halimifolia, and a N-fixing shrub, Morella cerifera, a N-fertilization experiment was 
performed over the course of a twelve week period with soil [N] ranging from 0- 200 ppm N in 
the form of ammonium nitrate.  Physiological measurements including net photosynthesis (Anet), 
stomatal conductance to water vapor (gs), and chlorophyll fluorescence parameters were 
compared across treatment levels, species, and time.  Leaves, stems, and roots were harvested 
separately at the conclusion of the experiment and analyzed for differences in biomass, %N, 
δ15N, and δ13C.  Baccharis halimifolia, had substantial decreases in nearly all physiological 
parameters measured across treatment levels including the highest [N].  Morella cerifera, had 
few variations in physiological parameters as expected because even at the 0 ppm N treatment 
fixed N was available.  Whereas there were no differences in δ15N values across treatment levels 
for B. halimifolia suggesting N limitation even at the highest treatment level, increasing foliar 
δ15N values across treatment levels for M. cerifera indicated a shift from utilizing fixed N to a 
combination of fixed and available soil N with increasing soil N content.  Baccharis halimifolia 
showed indications of stress response and resource limitation based on physiology, nutrient 
contents, and isotope effects whereas M. cerifera showed few variations for any parameter with 
the exception of δ15N.  Based on these results and P limitation symptoms observed over the 
course of this experiment, B. halimifolia has greater nutrient demands compared to M. cerifera 
which may include resources other than N.  
 
Keywords: actinhorhizal, Baccharis halimifolia, δ13C, δ15N, Morella cerifera   
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Introduction 
 Drivers of coastal vegetation patterns encompass a suite of abiotic and biotic factors 
which are often spatially variable and depend on distance from the shore and elevation above 
mean sea level (MSL, Young et al. 2011).  While pH, cation exchange capacity, sea spray, soil 
salinity, and vulnerability to coastal storms often decrease as distance from the shore becomes 
greater, organic matter (OM), phosphorus (P) and nitrogen (N) content increase as soils age and 
develop (Lichter 1998, Kim and Yu 2009, Maun 2009).  Actinorhizal and rhizobial N-fixing 
pioneer species promote increased soil fertility by altering soil edaphic factors and microclimate 
conditions beneath the canopy through N additions, increased soil moisture, and reduced light 
levels and soil temperatures (Titus 2009).  Nitrogen-fixers may facilitate the establishment of 
other species through seed trapping, ameliorating environmental stressors, and reducing 
herbivory (Walker et al. 2003).  However, competition may delay colonization by other species 
when the N-fixer dramatically reduces light levels through rapid growth or exhibits a luxury 
consumption strategy with regards to resource acquisition thus excluding other species (Chapin 
1980).   
Thicket forming N-fixing shrubs can quickly dominate grassy areas and may have 
invasive qualities whether they are native or exotic.  Native species are already well adapted to 
the environment, so they may have a greater impact on the soils and vegetation compared to 
invasive exotics.  Muñoz Vallés et al. (2011) found increases of 188% for available P, 433% for 
total N, and 466% for OM beneath the canopy of the invasive native N-fixing shrub, Retama 
monosperma, in coastal Spain.  This species had the effect of providing refuge for species which 
were not specific to the system yet were able to colonize beneath the canopy.   
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The native actinorhizal N-fixing shrub, Morella cerifera L. (Myricaceae), dominates 
many of the barrier islands along the southeastern US and expansion into grasslands is projected 
to continue (Zinnert et al., in press).  Morella cerifera is an invasive exotic in Hawai’i where it 
alters N cycling and increase foliar N content in co-occurring species (Kurten et al. 2008).  On 
the Virginia barrier islands, Baccharis halimifolia L. (Asteraceae) colonizes M. cerifera thicket 
edges.  Baccharis halimifolia is a non-N-fixing shrub which has been considered invasive in 
Australia for decades (Sims-Chilton et al. 2009), and is now expanding beyond its native range 
in parts of the US (Ervin 2009).  While both species have demonstrated the capacity to become 
invasive, only M. cerifera forms dense thickets and dominates the barrier island landscape.   
A primary difference between the species is the presence or lack of a N-fixing symbiotic 
relationship.  The barrier islands have nutrient poor sandy soils with often undetectable levels of 
soil N (Ehrenfeld 1990).  Nitrogen and/or freshwater limitation in open areas could explain the 
presence of B. halimifolia along thicket edges because of the increase in soil fertility beneath the 
thicket canopy.  Non-fixers are primarily limited by water followed by N limitation whereas 
resource limitation of N-fixers is species specific and less well defined (Song et al. 2010).  
Access to freshwater on barrier islands is limited to the soil freshwater lens which develops 
beneath the island because the low water holding capacity of sand severely limits soil moisture 
(Ehrenfeld 1990).  Our primary objectives were to compare responses of B. halimifolia and M. 
cerifera seedlings to various soil N levels to determine whether competition exlusion of B. 
halimifolia by M. cerifera leads to dominance of M. cerifera within interdunal depressions and to 
determine whether B. halimifolia is specifically limited by N on the barrier islands which would 
explain the presence of this species along thicket edges.  Furthermore, we hypothesized that M. 
cerifera would demonstrate no reductions in physiological response over the duration of the 
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experiment.  Alternatively, we hypothesized that B. halimifolia would have reductions in 
physiological response by the end of the 12 week experiment and  exhibit higher nitrogen use 
efficiency compared to M. cerifera. 
 
Materials and methods 
Raw material 
Seeds of B. halimifolia and M. cerifera were collected on the northern end of Hog Island, 
VA.  Baccharis halimifolia is a shrub native to the Virginia barrier islands with a deciduous leaf 
habit and wind dispersed seeds.  It colonizes M. cerifera thicket edges on both the ocean and bay 
sides of the island.  Morella cerifera is a bird dispersed evergreen shrub native to the Virginia 
barrier islands.  Colonization of M. cerifera is mostly limited to swales (i.e. interdunal 
depression) where it forms dense and nearly monospecific thickets.           
Hog Island is a barrier island along the East coast of Virginia, USA and is part of the 
NSF-funded Virginia Coast Reserve (VCR) Long-Term Ecological Research (LTER) site.  Soils 
on Hog Island are psamments (an entisol of unconsolidated sand) and composed of marine 
derived fine siliceous sand which is prone to nutrient leaching and low water holding capacity 
(Brantley and Young 2010).  Accretion of soils along the north end of the island over time has 
resulted in a chronosequence across the island from East to West with older soils on the bay side 
of the island and newer soils on the ocean side.  The younger soils tend to have a more neutral 
pH, lower cation exchange capacity, higher soil salinity, and lower nutrient contents including N 
and P (Ehrenfeld 1990, Kim and Yu 2009).     
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Fertilization experiment 
Collected seeds were grown in perlite until germination at which point they were 
transferred to pots with Miracle-Gro potting mix and grown for approximately five months in a 
Conviron environmental chamber (CMP 3244, Controlled Enviornments Limited, Asheville, 
NC) with approximately 700 µmol m-2 s-1 photosynthetic photon flux density (PPFD), 
photoperiod of 14 h, 48% relative humidity, and day/night temperature of 30/25 °C prior to 
starting the experiment.  Plants were kept well watered from time of germination until 
completion of the experiment.   
 To determine species specific differences in response to various soil N levels, seedlings 
of B. halimifolia and M. cerifera were transferred to a 3:1 soil:sand mixture with 0, 20, 50, 100, 
and 200 ppm soil N in the form of ammonium nitrate (n = 5 per treatment).  Treaments were 
administered incrementally in solution at weeks 0, 2, 4, and 6 to reach the desired treatment level 
by the last treatment.  Each pot was placed in an individual tray and any excess water drainage 
was poured back into the pot so as not to lose any N from leaching.  Soil used was a nutrient 
poor topsoil combined with sand collected from the island with a 3:1 soil:sand ratio.  Once per 
week each plant was treated with a nitrogen-free Hoagland’s solution based on the following 
stock solutions: CaCl2, KH2PO4, MgSO4, trace elements (i.e. H3BO3, MnCl2, ZnSO4, CuSO4, and 
NaMoO4), and Fe EDTA.   
 Once per week for a total of twelve weeks in addition to week 0 which was conducted 
immediately prior to transferring plants to the 3:1 soil:sand mixture, plant responses to variations 
in soil N availability were quantified by measuring leaf net photosynthesis (Anet, µmol m-2 s-1), 
stomatal conductance to water vapor (gs, mmol m-2 s-1), xylem pressure potential (Ψxylem, MPa), 
light-adapted and dark-adapted chlorophyll fluorescence (∆F/Fm’ and Fv/Fm, respectively) on 
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the third or fourth fully expanded leaf for both species (n = 5 per treatment).  Net photosynthesis 
was measured with a portable infrared gas analyzer at light intensity of 600 µmol m-2 s-1 PPFD, 
48% relative humidity and 28 °C (LI-6400, LI-COR Biosciences, Lincoln, NE).  Measurements 
of stomatal conductance to water vapor were performed with a steady-state porometer (LI-1600, 
LI-COR Biosciences, Lincoln, NE), and xylem pressure potential was quantified with a 
Scholander pressure chamber (Model 650, PMS Instrument Company, Albany, OR).  Light and 
dark-adapted chlorophyll fluorescence were measured with a pulse-amplitude modulated 
chlorophyll fluorometer (Mini-Pam, Heinz Wals GmbH, Effeltrich, Germany).   
 At the conclusion of the N fertilization experiment, leaves, stems, and roots were 
separated, roots were thoroughly rinsed to remove soil, and all plant tissues were dried in an 
oven at 70 °C for 72 hr.  Once moisture was removed, leaf, stem, and root biomass (dry weight) 
were determined by weighing each tissue separately.  Leaf, stem, and root C:N ratios, %N, δ15N 
(‰), and δ13C (‰) were quantified from harvested tissues which were analyzed with an 
elemental analyzer- isotope ratio mass spectrometer at the Stable Isotope/Soil Biology 
Laboratory, Odum School of Ecology, University of Georgia, Athens, GA, USA.   
 
Statistical analyses 
 Three-factor analyses of variance for %N, C:N, δ15N, δ13C, and biomass along with 
Tukey-type post hoc testing identified significant differences for the factors: treatment level (i.e. 
0, 20, 50, 100, or 200 ppm N), plant organ (i.e. leaf, stem, or root), and species (i.e. B. 
halimifolia or M. cerifera).  Variations in the physiological status of the plants (i.e. Anet, gs, 
Ψxylem, ∆F/Fm’ and Fv/Fm) were analyzed with three-factor analyses of variance with factors of 
treatment level, experimental week (i.e. week 0 or week 12 representing the beginning and the 
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conclusion of the experiment), and species.  For direct comparisons across treatments or organs 
for a particular species, one-factor analyses of variance were used.  In addition, independent 
samples T-tests were performed to detect differences between species or week.  Post-hoc testing 
followed Tukey-type where appropriate (α = 0.05) with the exception being independent samples 
T-tests.   
 
Results 
 Nutrient concentrations, isotopic effects, and biomass allocation were determined for 
plant organs along with physiological responses to various soil N concentrations in order to 
determine differences in nutrient use and stress response for a non-N-fixing shrub and an 
actinorhizal N-fixing shrub.  The experiment was conducted in an environmental chamber for a 
duration of 12 weeks and results were analyzed across species, treatments, plant organ, or week 
as appropriate for the parameters examined.  Three-way ANOVA results comparing the factors 
species, treatment, and plant organ indicated significant differences for the variables C:N, %N, 
δ15N, δ13C, and biomass across species, treatment, and organ (Table 5.1).  Baccharis halimifolia 
C:N values were double those of M. cerifera for leaves and stems, and ~ 35% higher for roots 
(Figure 5.1).  Foliar and stem %N of B. halimifolia were higher for the 200 ppm N treatment 
level compared to 0 ppm (Figure 5.2).  Leaves had the highest %N of the organs followed by 
roots and then stems (p ≤ 0.001, Figure 5.2).  %N of M. cerifera did not vary regardless of plant 
organ (i.e. leaf, stem, or root) across treatment levels (Figure 5.2).  Similar to B. halimifolia, M. 
cerifera leaves had the highest %N content of the plant organs, but for M. cerifera, stem and root 
contents did not differ (Figure 5.2).  Isotopic values for δ15N for B. halimifolia were highest in 
leaves and lowest in roots with stems having a moderate value that was closer to leaf values than 
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to root values (Figure 5.3).  Foliar δ15N increased across treatment levels for M. cerifera 
suggesting a difference in source N and a transition from primarily using fixed N to utilizing 
available soil N (Figure 5.3).  Overall, stems had the lowest (i.e. most negative) δ15N values 
whereas leaf and root values did not differ significantly (Figure 5.3).  Foliar δ15N values at the 0, 
20, and 50 ppm N treatment levels were comparable to values for field collected leaves of M. 
cerifera on Hog Island, VA (Vick and Young Chapter 4).  δ13C values were higher at the 200 
ppm N level compared to 0 ppm for each plant organ of B. halimifolia whereas values did not 
vary for M. cerifera across treatment level for any of the plant organs (Figure 5.4).  For both 
species, roots had higher (i.e. less negative) δ13C values compared to leaves and stems (Figure 
5.4).  Baccharis halimifolia had higher total biomass compared to M. cerifera (Figure 5.5).  Stem 
and root biomass were significantly higher for B. halimifolia compared to M. cerifera (p ≤ 0.001) 
while leaf biomass was significantly higher for M. cerifera (p ≤ 0.001, Figure 5.5). 
 Based on the three-way ANOVA physiology results comparing the factors species, 
treatment, and week, Anet was the only parameter that differed significantly for all independent 
variables (Table 5.2).  Across weeks, gs and ∆F/Fm’ varied significantly whereas Fv/Fm was 
significant for the factor species (Table 5.2).  Ψxylem differed both for treatment and week (Table 
5.2).  Anet was significantly lower by the end of the 12 week period of the N fertilization 
experiment for all treatment levels except 100 ppm for B. halimifolia with over a 62% decrease 
in Anet from week 0 to week 12 at the 0 ppm treatment level (Figure 5.6).  The only variation in 
Anet for M. cerifera was a 29% increase in photosynthetic rate at the highest [N] (Figure 5.6).  
Stomatal conductance to water vapor was lower for B. halimifolia at all treatment levels by the 
end of the experiment with the largest decrease of 76% observed at the 0 ppm N treatment, but gs 
was only lower at 20 ppm N for M. cerifera (Figure 5.7).  By week 12, xylem pressure potential 
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decreased for the 0, 50, and 100 ppm N levels for B. halimifolia, but M. cerifera had no change 
in Ψxylem values over the course of the experiment (Figure 5.8).  ∆F/Fm’ was lower by week 12 
for the 20 and 50 ppm N levels for B. halimifolia, and the only difference in values for M. 
cerifera was an increase at the 0 ppm N level (Figure 5.9).  Finally, Fv/Fm was lower by the end 
of the experiment for all treatment levels except 200 ppm N for B. halimifolia, and did not vary 
across treatment levels for M. cerifera (Figure 5.10).  Overall the results indicate a large 
physiological response for the B. halimifolia over the course of the experiment, but few 
variations in physiology were observed for M. cerifera. 
 
Discussion 
 Shrub expansion by M. cerifera into grassy swales (i.e. interdunal depressions) has 
caused changes in edaphic factors beneath thickets.  Over the past 30 years, shrub expansion into 
grasslands has increased by 285% on Hog Island with M. cerifera only occupying about half of 
potential habitat suggesting future increases in shrub cover are likely (Zinnert et al. in press).  
Expansion leads to higher SOM, soil organic carbon, soil total N, and gravimetric water content 
in shrub thickets versus adjacent grasslands (Brantley and Young 2010).  Light is also 
dramatically reduced with LAI values approaching those of tropical rain forests (Brantley and 
Young 2007).  Morella cerifera shrubs, therefore, act as “islands of fertility” for neighboring 
species through changes in microclimate conditions and edaphic factors beneath thickets 
(Garcia-Moya and McKell 1970).  Although light levels are often attenuated to the extent that 
understory species are excluded from M. cerifera thickets, the thicket-grassland ecotone may 
provide sufficient stress reduction and resource acquisition potential to promote establishment of 
opportunistic edge species. 
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 Facilitation of non-fixing shrubs by M. cerifera along thicket edges has been 
demonstrated both on Hawaiian volcanic soils and the Virginia barrier island sandy soils with 
resulting increases in foliar N content of non-fixers (Kurten et al. 2008, Vick and Young Chapter 
4).  Pioneer species are often N-fixers which change edaphic characteristics and ameliorate 
stressors, thereby facilitating establishment of other species.  While N may often be the most 
limiting resource, it is not necessarily the only resource or even primary factor determining 
species distributions and interactions including facilitation and competition.  Morella cerifera 
increases N availability to species colonizing thicket edges and understory, but for B. halimifolia 
N availability may be secondary to other effects of thicket expansion including stress reduction.  
Reduced stress can decrease plant demand for P as compared to N (McKee et al. 2002).  While 
B. halimifolia can tolerate low N levels, it is highly sensitive to low P availability (Westman et 
al. 1975) despite a symbiotic association with arbuscular mycorrhizal fungi (AMF) which 
increases P absorption (Field 1999).  Across Hog Island, total soil N content increases with soil 
age and is significantly higher beneath M. cerifera thickets compared to adjacent open or grassy 
areas; however, total soil P remains consistently low across the island (Young et al. 1992).  With 
the potential for reduced stress through changes in microclimate and increased soil fertility along 
thicket edges, the facilitative effects of M. cerifera on B. halimifolia may be multifaceted and 
include less demand for P associated with stress reductions and potentially increased available 
soil nutrients rather than total soil nutrients.   
 By week 5 of the 12 week experiment, B. halimifolia leaves showed signs of P deficiency 
with purple leaf margins even though they were being watered with a P containing Hoagland’s 
solution and grown in soil obtained from the island.  In addition, by the end of the experiment 
leaves were chlorotic which is a symptom of N limitation.  Morella cerifera showed no 
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symptoms of resource deficiency or stress response over the time frame of the experiment 
indicating a reduced demand for nutrients as compared to B. halimifolia.  When comparing 
physiological status at the beginning of the N fertilization experiment to the final week of the 
experiment, we observed dramatic reductions in physiological responses of B. halimifolia for 
every physiological parameter at nearly every treatment level.  Anet decreased significantly for 
four of the five treatment levels for B. halimifolia with the 0 ppm N treatment decreasing by over 
60% whereas the only variation in Anet for M. cerifera was a nearly 30% increase at the highest 
[N].  Similarly, gs decreased at each treatment level for B. halimifolia and again the greatest 
reduction was observed at the lowest [N]; however, gs was only reduced at one treatment level 
for M. cerifera.  There was no change in Ψxylem for M. cerifera from the beginning to the end of 
the experiment, but there were reductions for three of the five treatment levels for B. halimifolia 
with the lowest [N] showing the greatest decrease once more.  Finally, both light-adapted and 
Fv/Fm parameters were reduced at multiple N concentrations for B. halimifolia but the only 
change in either of these parameters for M. cerifera was an increase in light-adapted fluorescence 
at the lowest [N].  There were distinct species specific physiological responses to the N 
fertilization experiment confirming our hypothesis that B. halimifolia would exhibit greater 
response to variations in soil [N] compared to M. cerifera.   
 Whether taken individually or as a whole, these results indicate that M. cerifera 
maintained physiological response throughout the duration of the experiment regardless of 
treatment level.  Baccharis halimfolia, however, showed clear indications of stress response for 
every physiological parameter and the response was greatest at the lowest soil N concentration 
for Anet, gs, and Ψxylem.  In addition, at the highest treatment level, 200 ppm N, B. halimifolia had 
the fewest physiological responses with no reductions for Ψxylem, ∆F/Fm’, or Fv/Fm.  Baccharis 
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halimifolia is sensitivite to P limitation which results in decreased growth (Westman et al. 1975).  
With increased N availability at the higher treatment levels, demand for P may also be increased 
which may moderate any potential increases in growth from higher soil N availability.  
While there were few differences in C:N across treatments, stems had substantially higher C:N 
values compared to leaves and roots for B. halimifolia at all treatments levels and modestly higher values 
for M. cerifera at only some of the treatment levels.  These results indicate that either N is largely being 
allocated to leaves and roots in B. halimifolia with less accumulation in stems, or that there are 
significantly more C containing tissues in stems of B. halimifolia including possibly higher wood density.  
The %N results for B. halimifolia suggest that it is the latter with a strategy of high C stem tissue 
considering the difference between stem and root %N was not as great as the difference in C:N ratios for 
these organs.  Biomass proportions corroborate these findings with B. halimifolia allocating more biomass 
to stems (42% of total biomass) compared to leaves and roots (18% and 39%, respectively).  Morella 
cerifera, however, allocated the least amount of biomass to stems (24% of total biomass) and the most to 
leaves (45%).  Although plants were all of similar ages, B. halimifolia plants were much taller but had 
less foliage compared to M. cerifera.  On Hog Island, these two species appear to exhibit these same 
strategies of biomass allocation with B. halimifolia demonstrating greater plant height but with much 
fewer leaves as compared to M. cerifera.  The presumed lower LAI of B. halimifolia does not appear to 
exclude M. cerifera from colonizing beneath the canopy of B. halimifolia, however, few species are able 
to colonize beneath M. cerifera thickets including B. halimifolia because of dramatic light attenuation 
beneath the canopy.  This may limit the potential range of B. halimifolia to thicket edges based on 
evidence that germination is restricted under low light conditions (Westman et al. 1975). 
Baccharis halimifolia had consistently higher C:N values across plant organs and treatment levels 
compared to M. cerifera.  For each plant organ of B. halimifolia, C:N values were approximately double 
the values of M. cerifera.  Whole plant C:N was indeed double for B. halimifolia at 48 ± 2 compared to 24 
± 1 for M. cerifera.   Because a higher C:N ratio represents more C per unit N, the C:N ratio can be used 
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as an estimate of nitrogen use efficiency (NUE, Chapin 1980), thus B. halimifolia has higher NUE 
compared to M. cerifera.  Baccharis halimifolia relies on available soil N as the only source of N, but 
because of a symbiotic N-fixing association with the bacterium, Frankia, Morella cerifera can switch 
between utilizing fixed N when N is limiting and soil N when N becomes more available thereby always 
having a source of N regardless of environmental conditions.  One potential explanation for the 
distribution of B. halimifolia in mostly coastal areas may be a high NUE.  Although not significant for 
leaves, for stems and roots the lowest C:N values (i.e. lowest NUE) of each plant organ for B. halimifolia 
were at the highest [N] of 200 ppm indicating a plastic NUE in response to N availability.  Based on C:N 
values across both species, the highest N treatment level had significantly lower NUE compared to all 
other treatment levels as expected.  When a resource, in this case N, is abundant there is less need to be 
efficient with the resource and in fact a luxury consumption strategy whereby more of the resource is 
taken up than the plant requires may be beneficial to reduce resource availability to competitors (Chapin 
1980).   
The natural abundance δ15N of M. cerifera leaves and roots increased (i.e. became more 
positive) with increasing treatment levels.  The effect was strongest with leaves but there was no 
effect on stem δ15N.  The stepwise increase in isotopic N values with higher treatment levels 
indicates an incremental shift in source N from Frankia fixed N to soil N.  During the course of 
the experiment, M. cerifera continually develop new leaves at all treatment levels.  The greater 
response of leaf δ15N for leaves compared to stems and leaves suggests that a higher proportion 
of N is allocated to leaf production followed by N required for root growth.  While some new 
stem tissue was produced over the 12 week period, increases in leaf biomass were presumably 
greater than any increases in stem biomass because the switch in N source was not detected for 
stems at any treatment level implying that there was little change in stem biomass with little 
allocation of N to stems.  Most sites where M. cerifera seedlings may colonize between the high 
tide line and the thicket edge have less than 80 ppm total soil N (Vick and Young Chapter 4).  
110 
 
Natural abundance δ15N of leaves did not indicate uptake of soil N (i. e. more positive δ15N) 
below the 100 ppm treatment level.  Based on our results, M. cerifera seedlings rely heavily on 
symbiotic N fixation until soil N levels increase above 100 ppm total soil N at which point there 
is a notable shift towards utilizing a combination of fixed N and soil N. 
Baccharis halimifolia displayed no differences in δ15N values for any of the plant organs 
across treatments.  Without a N-fixing symbiotic association with a bacterium, B. halimifolia 
relies on available soil N which was ammonium nitrate for this study.  Without changes in 
isotopic values across treatments, either N was limiting at all treatment levels resulting in little or 
no fractionation or there was a sufficient supply of preferred available N that it did not switch 
from one source to another (i.e. nitrate to ammonium).  Nitrate uptake results in lower δ15N 
values as compared to uptake of ammonium (Falkengren-Grerup et al. 2004).  If there is a 
preference for  nitrate or ammonium we would have measured differences in isotopic values 
across treatments, especially with nitrate being in lower supply at lower treatment levels.  
However, we saw no such response suggesting N was limiting even at the highest treatment 
level.   
Morella cerifera exhibited no differences in δ13C values across treatments, but there was 
an increase in values for B. halimifolia at the highest soil N concentration for all plant organs.  
Adjustments in stomatal aperture can explain changes in δ13C values whereby decreased stomatal 
conductance to water vapor (i.e. closing of stomata) leads to higher δ13C values (O’Leary 1988).  
Our gs results indicate either no change or increased stomatal conductance at higher treatment 
levels, thus we would expect lower δ13C values; however, we observed higher isotopic values 
with increased N availability.  Cordell et al. (1999) found a relationship with increased δ13C 
values at higher N content in leaves of the shrub, Metrosideros polymorpha, on an area basis 
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which was associated with higher carboxylation efficiency.  Similar to B. halimifolia, 
Metrosideros polymorpha grows in association with M. cerifera shrub thickets (Kurten et al. 
2008).  While we did not measure carboxylation capacity, B. halimifolia δ13C values may be a 
result of higher carboxylation efficiency and in fact the ratio of Anet to gs increased from the 
lowest to the highest soil [N].   
We compared the N-fixing M. cerifera to the non-N-fixing B. halimifolia to determine 
variations in both physiological and isotopic responses to increasing availability of soil N.  As 
expected we found few differences for any of the parameter for M. cerifera with the exception of 
δ15N which provided evidence that M. cerifera transitions from utilizing fixed N to a 
combination of fixed and soil N with higher soil N concentrations.  Morella cerifera exhibited no 
symptoms of stress or nutrient limitations over the course of the experiment.  In contrast, B. 
halimifolia displayed symptoms of both P and N limitation and physiological stress responses.  
As a consequence, B. halimifolia had yellowed leaves with purple margins and lowered 
physiological status with regards to Anet, gs, Ψxylem, ∆F/Fm’, and Fv/Fm by the end of the 
experiment.  Based on C:N ratios, B. halimifolia also exhibited much higher NUE as compared 
to M. cerifera which may be a mechanism allowing B. halimifolia to compensate for low soil N 
conditions and permit colonization on barrier islands where N is often limiting.  By the end of 
the experiment, B. halimifolia had a higher root:shoot ratio compared to M. cerifera which may 
have been the result of both greater allocation to roots and a leaf-drop strategy by B. halimifolia 
in response to stressful conditions. 
Based on the results of our experiment, it is evident that M. cerifera not only utilizes 
several sources of N based on availability, but that it is also less limited by other nutrients, 
especially P, compared to B. halimifolia.  Baccharis halimifolia responded to variations in soil N, 
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but there were also responses over the course of the experiment regardless off treatment level 
which suggests that factors other than N availability were influencing B. halimifolia physiology 
and stress response.  This provides evidence that N availability is not the only factor influencing 
species distributions on Hog Island and that facilitation of B. halimifolia by M. cerifera may be 
complex and include a suite of variables including changes in microclimate conditions which 
moderate stressors within the dynamic and  disturbance prone barrier island system. 
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Table 5.1  Three-way ANOVA results for tissue C:N (molar), N content (%), δ15N ( ‰), δ13C 
(‰), and biomass (dry weight) of  harvested plants following N fertilization experiment for the 
independent variables: species (Morella cerifera and Baccharis halimifolia), N fertilization 
treatment level (0, 20, 50, 100, and 200 ppm N), and organ (leaf, stem, and root).  SP = species, 
TRT = treatment. 
 
SP TRT ORGAN SP x TRT 
SP x 
ORGAN 
TRT x 
ORGAN 
SP x TRT x 
ORGAN 
C:N *** *** *** *** *** * NS 
%N *** * *** NS *** * NS 
δ15N *** *** *** ** *** NS NS 
δ 13C * *** *** * NS NS NS 
Biomass *** * *** NS *** NS NS 
*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, NS = not significant 
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Table 5.2  Three-way ANOVA results for the dependent variables: Anet (µmol C m-2 s-1), gs 
(mmol H2O m-2 s-1), Ψxylem, ∆F/Fm', Fv/Fm, and ETR for the independent variables: species 
(Morella cerifera and Baccharis halimifolia), N fertilization treatment level (0, 20, 50, 100, and 
200 ppm N), and week (0 and 12, i.e. beginning and end of experiment).  SP = species, TRT = 
treatment. 
 SP TRT WEEK SP x TRT SP x WEEK TRT x WEEK SP x TRT x WEEK 
Anet ** * *** * *** NS NS 
gs NS NS *** * ** NS * 
Ψxylem NS * *** NS ** NS NS 
Yield NS NS ** NS *** NS NS 
DYield *** NS * NS *** * NS 
*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, NS = not significant 
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Figure legends 
Figure 5.1  Molar C:N ratios for harvested leaves, stems, and roots of Baccharis halimifolia and 
Morella cerifera following 12 weeks of N fertilization at 0, 20, 50, 100, and 200 ppm treatment 
levels.  Values are overall species means and standard errors for each plant organ across 
treatments. 
 
Figure 5.2  N content (%) for harvested leaves, stems, and roots of Baccharis halimifolia and 
Morella cerifera following 12 weeks of N fertilization at 0, 20, 50, 100, and 200 ppm treatment 
levels.  Values represent means and standard errors. 
 
Figure 5.3  Natural abundance δ15N ‰ for harvested leaves, stems, and roots of Baccharis 
halimifolia and Morella cerifera following 12 weeks of N fertilization at 0, 20, 50, 100, and 200 
ppm total N treatment levels.  Values represent means and standard errors.   
 
Figure 5.4  δ13C (‰) values for harvested leaves, stems, and roots of Baccharis halimifolia and 
Morella cerifera following a 12 week N fertilization experiment at at 0, 20, 50, 100, and 200 
ppm total N treatment levels. Values represent means and standard errors. 
 
Figure 5.5    Biomass (g dryweight) for harvested leaves, stems, and roots of Baccharis 
halimifolia and Morella cerifera following 12 weeks of N fertilization at 0, 20, 50, 100, and 200 
ppm treatment levels.  Values are overall species means and standard errors for each plant organ.    
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Figure 5.6  Net photosynthetic rates for Baccharis halimifolia and Morella cerifera across 
treatment levels for the N fertilization experiment.  Values are means and standard errors for the 
beginning of the experiment (i.e. week 0) and the end of the experiment (i.e. week 12).   
 
Figure 5.7  Stomatal conductance to water vapor rates for Baccharis halimifolia and Morella 
cerifera across treatment levels for the N fertilization experiment.  Values are means and 
standard errors for the beginning of the experiment (i.e. week 0) and the end of the experiment 
(i.e. week 12).   
 
Figure 5.8  Xylem pressure potential for Baccharis halimifolia and Morella cerifera across 
treatment levels for the N fertilization experiment.  Values are means and standard errors for the 
beginning of the experiment (i.e. week 0) and the end of the experiment (i.e. week 12).   
 
Figure 5.9  Light- adapted chlorophyll fluorescence for Baccharis halimifolia and Morella 
cerifera across treatment levels for the N fertilization experiment.  Values are means and 
standard errors for the beginning of the experiment (i.e. week 0) and the end of the experiment 
(i.e. week 12).   
 
Figure 5.10  Dark-adapted chlorophyll fluorescence for Baccharis halimifolia and Morella 
cerifera across treatment levels for the N fertilization experiment.  Values are means and 
standard errors for the beginning of the experiment (i.e. week 0) and the end of the experiment 
(i.e. week 12).   
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CHAPTER 6 
 
 
 
Conclusions and significance of research 
 
 
 
Jaclyn K. Vick
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 Although causes of woody encroachment into grasslands (i.e. changes in land-use, fire 
suppression, and climate change) and consequences of encroachment (i.e. decreased species 
diversity and richness and increased soil C and N) have been thoroughly studied, the functional 
mechanisms and often species specific characteristics promoting expansion have received little 
attention.  The dominant woody species of southwestern US, southeastern US barrier islands, and 
northwestern European islands are all N-fixers (Prosopis glandulosa, Morella cerifera, and 
Hippophaë rhamnoides, respectively, Isermann et al. 2007, Knapp et al. 2008).  In addition, 
many encroaching woody species are evergreen including Larrea tridentata, Artemesia tridenta, 
Ledum palustre, and Morella cerifera (Knapp et al. 2008).  Actinorhizal and rhizobial N-fixers 
and an evergreen leaf habit are advantageous in resource limited environments through both 
resource acquisition and retention.  The objective of my research was to determine physiological 
drivers of woody encroachment resulting in increased woody cover and dominance of the 
evergreen, actinorhizal N-fixer, M. cerifera. 
 Previous research indicated that expansion of M. cerifera on barrier islands is limited to 
elevations above high marsh due to sensitivity to saline soils and groundwater salinity (Young et 
al. 1994, Tolliver et al. 1997).  Based on analysis of dune vegetation and edaphic factors, it is 
evident that dunes represent an upper elevational boundary for the distribution of M. cerifera on 
barrier islands (Chapter 2).  Within swales (i.e. interdunal depression), M. cerifera forms nearly 
monospecific thickets thereby dramatically reducing or even excluding potential competitors.  
However, thicket edges provide suitable habitat for the co-occurring non-N-fixing shrub, 
Baccharis halimifolia.  Comparisons of isolated B. halimifolia shrubs colonizing open areas 
distant from thickets to B. halimifolia individuals growing adjacent to thickets indicated 
differences in resource acquisition, stress response, and physiology (Chapter 4).  These results 
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provide evidence that M. cerifera thickets facilitate B. halimifolia through increases in foliar N 
content, increased light-adapted chlorophyll fluorescence, and potentially higher carboxylation 
capacity.  As M. cerifera thickets encroach into grasslands, B. halimifolia may continue to 
colonize created thicket edge habitat.  Future research based on these results includes utilizing 
time-series imagery to quantify whether M. cerifera expansion results in expansion of B. 
halimifolia along thicket edges thereby increasing the rate of woody encroachment on barrier 
islands. 
 Dominance of M. cerifera on Virginia barrier islands may result from higher resource 
availability, resource use efficiency, and competition exclusion of co-occurring species.  The 
sandy barrier island soils are resource deficient with low N availability (Chapters 2 and 4) which 
may limit non-N-fixing species.  As an actinorhizal N-fixer, M. cerifera has a source of N 
regardless of soil N content.  Increasing availability of total soil N resulted in a switch from fixed 
N to soil N for M. cerifera which increases resource use efficiency.  The symbiotic relationship 
with the bacterium, Frankia, provides M. cerifera with a continuous supply of N.  Uptake of soil 
N is more energy efficient and thus results in higher carbon use efficiency and overall resource 
use efficiency based on reduced costs involved in producing sugars for the bacterium.  When 
compared to B. halimifolia individuals growing along thicket edges, M. cerifera had a higher 
C:N ratio indicating higher nitrogen use efficiency (NUE).  Although M. cerifera has a source of 
N through fixation, it maintains a higher NUE than a co-occurring non-fixer.  
 In addition to low nutrient availability, low freshwater availability on barrier islands can 
prevent germination and establishment of species unable to tolerate water limiting conditions.  
Morella cerifera and other N-fixers exhibited higher resource use efficiency compared to non-
fixers through high % refixation within stems.  As stem tissues respire, peridermal resistance to 
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diffusion results in high concentrations of CO2 internal to the periderm.  Chlorophyll-containing 
chollenchyma tissues within stems re-fix/recycle this respired carbon thereby reducing the 
amount of respired CO2 lost to the atmosphere (Aschan and Pfanz 2003).  This refixation 
proceeds without associated water loss which is more water efficient compared to leaf 
photosynthesis.  Morella cerifera recycled a higher percentage of respired CO2 compared to non-
fixers and therefore has higher carbon use efficiency and water use efficiency than non-fixers 
(Chapter 3).  Global warming may increase the importance of water use efficiency especially in 
systems such as the Virginia barrier islands where mean annual precipitation is decreasing.   
 This research suggests that M. cerifera has not only greater access to resources through a 
symbiotic relationship with an N-fixing bacterium, but also greater resource use efficiency with 
regards to carbon, water, and nitrogen compared to co-occurring non-fixers despite actinorrhizal 
N-fixing symbiosis and increased water availability of swales compared to open areas.  High 
resource use efficiency compared to co-occurring woody species, dramatically reduced light 
levels beneath thicket canopies which exclude competitors (Brantley and Young 2007), and an 
evergreen leaf habit combined may explain dominance of M. cerifera on Virginia barrier islands.  
While causes (Young et al. 2007, Zinnert et al. in press) and consequences (Brantley and Young 
2008, Knapp et al. 2008, Brantley and Young 2010) of M. cerifera expansion have been studied , 
the research presented here provides evidence for mechanisms of expansion which are either 
directly or indirectly related to resource acquisition and use.  These methods can be applied in 
other parts of the world which are also experiencing woody encroachment into grasslands to 
determine whether mechanisms are species and/or habitat specific or if there are commonalities 
which could allow for predictions to be made regarding woody species which may become 
expansive. 
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